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Experimental Stark Widths and Shifts for Non-Hydrogenic
Spectral Lines of lonized Atoms
(A Critical Review and Tabulation of Selected Data)

N. Konjevic*
Institute of Physics, 11001 Beograd, P.0. Box 57, Yugoslavia
and
W. L. Wiese

Institute for Basic Standards, Natioﬁal Bureau of Standards, Washington, D.C. 20234

A critical review of all available data on the Stark widths and <hifts for Jines of non-hydrogenic
ionized spectra has been carried out. The relevant literature compiled by the NBS Data Center on
Atomic Line Shapes and Shifts was critically evaluated. and from this evaluation 54 papers were found
to satisfy all requirements and thus selected for this review. The most important factors determining
the quality of plasma sonrces. diagnnstie mchniqimx and line profile and shift determinations are
discussed in detail in the first part of this review. In the second part the data tables containing the
selected experimental Stark broadening parameters are presented. The data are arranged according
to spectra and elements. and these are presented in alphabetical order. The accuracy of the experimen-
tal data is estimated on the basis of guidelines developed during the review, and comparisons with
theoretical results are made whenever possible.

Key words: Critically evaluated data; experimental; jonized spectra; Stark broadening parameters;
Stark shifts; Stark widths.
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1. Introduction

This review is to our knowledge the first attempt to
critically evaluate and assemble the experimental ma-
terial on Stark broadening parameters for isolated lines
of ionized spectra. The experimental data have been
largely acquired within the last’ 10 years and thus
represent material obtained by comparatively modern
techniques of plasma spectroscopy. The primary stim-
ulus for this work has been the need for accurate and
convenient determinations of electron densities in
laboratory and stellar plasmas for which Stark broaden-
ing—provided reliable width parameters exist—con-
stitutes a very attractive and convenient technique.

Practically all experiments reviewed here were de-
signed to be checks on theoretical Stark broadening

parameters; i.e., they were planned to specifically.

investigate the accuracy of the calculated parameters
and to verify their theoretically estimated uncertainties.
Therefore, we have taken into account the obvious
importance of the theoretically calculated parameters
and have always made comparisons with these param-
eters in addition to straight presentations of the experi-
mental data. The theoretical parameters are all taken
from the only general tabulation available--the one by
Griem [1}', which is based on earlier semiclassical
calculations of the "electron-impact broadening of ion
lines by Jones, Benett, and Griem [2]. (These calcula-
tions do not include the usually insignificant ion (quasi-
static) broadening.) The comparison with the theoretical
data is also essential for comparing the results of various
experiments done under different conditions since only
the calculated line broadening parameters, in conjunc-
tion with relations giving the temperature as well as
density dependence {1], can connect the different
measurements. ’

In obtaining the literature sources for the experimental
papers. we have put emphasis on completeness. We
have used the references listed in the “Bibliography on
Atomic Line Shapes and Shifts,” NBS Special Publica-
tion 366 and its addenda [3], and have also made use
of all later information available in the NBS Data Center
on Atomic Line Shapes and Shifts. We have thus ob-
tained all material through the end of 1974, at which
point the tables were finalized. Papers available to us
in preprint form by that time were included, oo, and
their exact references added later.

For the evaluation of the results and estimates of the
uncertainties' in each experiment, we have examined a
number of critical factors which in our opinion most
strongly influence the quality of the measurements.

'Figures in brackets indicate the literature relerences
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Principally, these factors arise in three areas of the
experiment: (1) the plasma source and its properties,
(2) the diagnostic technique, particularly the determina-
tion of the electron: density, and (3) the line shape-
measurement technique including the unfolding of
narrow profiles. Because of their crucial importance
for the evaluation of the data, these factors shall be
discussed below at some length.

During the initial evaluations, we noticed that a
number of papers are clearly superseded by later work
of the same gronp or that ather papers are sa incomplete
in the reporting that no estimate of uncertainties could
be made. Such papers were excluded from further
evaluation. In other cases where the reporting (or the
experimental work) has not been seriously incomplete,
we have considered these papers but with a relatively
low accuracy rating. For example, we have done this
when it must be suspected that self-absorption or the
apparatus width will be significant factors but when no
check on these points has been reported. .

It will be seen from the comparison tables and graphs
that the accuracy estimates given in the literature are
quite often too optimistic. Frequently, no overlap exists
between the results of different authors within their
stated uncertainty cstimates, so that onc has to conclude
that at least one of the data contains further unac-
counted-for uncertainties. Thus, we feel justified in being
generally more conservative in arriving at our error
estimates.

We hope that this critical review' and the tabulation
of experimental data will (a) provide a good summary of
the present status of our knowledge, (b) induce improve-

.ments in the experimental work and its reporting, and

(c) focus on the many additional needs in this field.

It is the intention of the staff at the NBS Data Center
on Atomic Line Shapes and Shifts to commissien future
critical reviews on this subject when major additions
and improvements in the data warrant it.

2. Critical Factors in the Stark Broadening
investigations

2.1. Plasma Sources

The ideal plasma source for Stark Broadening studies
of ionic lines should ber oy stnionary 12y homogeneous,
(3) eapable of achieving o aelanively hiph excitation
temperaure | 10,000 Ky v onder 1o obtain sufficient
numbers of jomzed atome s and (1) capable of achieving

aorelvelc Taph chmron densny (] X 108 — 1 X 1018
produce Stark broadening as the

veadihv measurable cause of line

cme o onder 1o
|\ll'|fun|1z|:u;l sl

Broabene,
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Since such an ideal source is not available, a variety
of plasma sources which partially satisfy these condi-
tions have been used. In table 1 a list of the various
utilized plasma sources is presented as well as the num-
ber of selected papers in'which these have been used.
In order to illustrate the usefulness of the different
sources for investigations on various elements, the num-
ber of elements investigated with a particular plasma
source is also given.

It is evident from table 1 that pulsed sources were
mainly used. They usually satisfy the above conditions
(3) and (4) and approximately satisfy condition (2).
The most popular pulsed source was the electro-
magnetically driven T-tube.

In table 2 the ranges of electron densities and temper-
atures are listed which have been employed in the
different plasma sources for the investigations of the
Stark broadening of ionized lines.

TABLE 1. List of applied plasma sources
Type of plasma 1 Electromagnetically Low pressure - Plasma Various Gas driven Other plasma
source " driven T-tube pulsed arc jet types Z-pinch shock tube - sources
of arcs
Number of papers 16 1 7 7 3 4 7
Number of investi-
gated elements 11 8 4 5 6 7 7

TaBLE2. Electron density and temperature ranges for applied sources-
Type of plasma . Electron density Temperature
source range (cm~3) range (K)

Electromagnetic T-tube (0.5-8.0) x 10'7 9,000-25.000
Low-pressufe

pulsed arc (0.3-2.0) x 107 14.000-40.000
Plasma jet (0.7-1.0) x 107 12.000-14.000 |
Various types of

steady-state arcs (0.7-2.0) X 107 11.,000-20.000
Gas driven shock tube (0.5-1.0) x 10'7 10.000-12.000
Z-pinch (0.3-4.0) x 10'7 25,000-35,000
©-pinch 4 X 1047 60,000

a. Pulsed Plasma Sources — Shock Tubes

Electromagnetic T-tube. This plasma source was
described previously in a number of articles [4]. Tt
consists of a 'I-shaped tube (usually glass) with two
electrodes protruding into the two opposite ends of the
short arm of the “T.” A condenser bank is discharged,
via a spark gap, through the gas between electrodes.
The return current path is put close to the discharge,
and the electromagnetic interaction between them, as
well as the pressure gradients, drive the ionized gas
away from the return lead with such force that an
intense shock wave is produced. Most of the plasma
measurements have heen carried out after the reflection
of the shock from the reflector placed in the expansion
tube. The spectroscopic observations are usually made
1-12 mm from the reflector.

Typical dimensions of the T-tubes are: expansion tube
i.d., 16-38 mm; distance between elecirodes and the

reflector, 10~15 cm; and gas pressure, 1 torr.
The maijority of the electromagnetic T-tubes for line
broadening studies were of a design similar to that used

. first by Kolb {5]. Recently, Ervens and Berg [6] proposed

a modification of the expansion tube with a ‘“‘cookie-
cutter” arrangement. In this way the replacement of the
expansion tube, which becomes clouded after a number
of shots, is simplified.

The discharge in an electromagnetic T-tube is usually
driven by a low inductance capacitor bank with a
capacity of the order of 1 uF charged up to 40 kV. The
plasma duration after the reflection of the shock wave
is typically a few tenths of a microsecond. Recently,
larger and slower capacitors (7.5 uF {7] and 14 uF with
an external inductance of 4 uH [8]) were used to obtain
a more homogeneous plasma with a duration of a few
microseconds. .

Shot-to-shot reproducibility of the.radiative intensity
in most shock tube experiments has been found to be
=15 percent or better and partially depends upon the
type of working gas. Molecular gases (e.g., nitrogen,
oxygen, and dichlorodifluoromethane) are much less
reproducible than atomic ones (helium, neon, and
argon). To improve the shot-10-shot reproducibility, RF
preionization was used [6]. For example, Konjevic et al.
{10] improved scanning reproducibility in dichloro-
difluoromethane by 30 percent by using a 50 watt RF
source for preionization.

Other shock-tube tubes. The gas-driven shock tube was
employed in two Stark broadening studies of ionized
sulfur and chlorine lines [11, 12]. Cold hydrogen was
used to drive the conventional 7.5 X.10 em 2 shock tube.
The steady-state region in the stationary plasmas be-
hind the first reflected shock varied in duration between
50—200 us. By suitable selection of initial gas pressure
and composition, it was possible to vary the plasma
electron density between 2 and 14 X 10 ¢m~3 while

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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keeping the temperature to the range 10.000-12,500 K.

In another experiment the parallel-rail shock tube was
used as a plasma source [13]. Unfortunately, the details
of this shock tube are given only in an unpublished
Ph. D. thesis.

b. Pulsed Sources— Pulsed Arcs and Others

Low-pressure pulsed arcs. Since basically only three
different pulsed arc sources [14—16] were used for in-
vestigations of Stark parameters of singly ionized lines,
some details will be given on each source in table 3. The
pulsed arcs all have in common that the plasma is gen-
erated by discharging a capacitor bank through a glass
tube filled with gas at reduced pressure. In general,
the shot-to-shot time reproducibility of the light intensity
from low-pressure pulsed arc discharges is better than
from electromagnetic T-tubes and is usually within
=+5 percent.

N. KONJEVIC AND W. L. WIESE

Most investigations of the spatial homogeneity of the
plasma were carried out by high speed photography. For
example, in ref. [16] this check was done by taking
photographs of the continuum radiation from the dis-
charge (side-on) at various times by means of a Kerr
cell shutter (with an exposure time of 30 ns) and a
camera. Densitometric analysis of the photographs
showed that the plasma was highly homogeneous in the
axial direction (within +=4 percent). Also, the plasma
length could be determined in this way with an accuracy
of £2 percent which was of importance for axial inter-
ferometric electron density measurements. A similar
analysis was performed radially, and it was found that
the plasma was approximately homogeneous for the
chosen experimental conditions. This was also confirmed
by scanning the profiles of some lines at different radial
positions of the discharge, and no difference was ob-
served in the shape and width of the observed lines.

TaBLE 3. Characteristics of applied pulsed plasma sources
Discharge vessel l \ Typical operating E Plasma parameters *
Typical I Typical dura-
Ref. | Internal | Length| Electrode| flling Capacitor | Voltage | Current ration of Electron density | - Eleetron
diameter {cm) material | pressure ‘ bank (uF) (kV) (kA) current pulse | (cm~%) temperature
(mm} {mmHg) (us) (K
+
14 & 40 10 c 10 200 4 4-10 36 60 {1.0-7.0)x10" 10 000-12 000
15 ! 20 30 Al 10 16X5¢ 12 14 90 2x10" 30 000
16 24 20 Al C 0.1 150 1-2 5-14 40 (0.3-1.2)x 10" 20 000-40 000

3 Valrea given in the two rolimns are typical and are not necessarily correlated.

" Diameter of the constricted part of discharge vessel was enlarged around the electrodes in order to reduce impurities.

¢ Lumped-parameter delay line.

(Observations of this type are strongly suggested for
each experiment.)

" Z-pinch. Basically, this is a low-pressure pulsed arc
but with higher electric current so that the self-produced
magnetic field causes pinching of the plasma column.
In this way higher electron concentrations than in pulsed
arcs can be achieved, which is of advantage when in-
vestigating the often narrow lines of multiply ionized
atoms.

Pulsed capillary discharge. In two papers (originating
from the same laboratuiy) a pulsed capillary discharge
was used as a plasma source [17, 18]. The electrodes of
the discharge were made of carbon, and they were
pressed against a circular disk of a plexiglass containing
at its axis an insert of calcium chloride [17] or aluminum
hydride [18]. The diameters of the capillary were 3 and
2 mm, respectively.

The discharge was driven by a lumped-parameter
delay line consisting of six capacitors of 80 uF each and
coils of 3.6 uH inductance, giving a maximum discharge
current of 10.2 kA. The current pulses were rectangular

J. Phys. Chem. Ref. Data, Vol. 5, Ne. 2, 1976

with 205 us duration. Spectroscopic observations were
performed side-on on the plasma fltame protruding from
the capillary. The flame was of good radial symmetry
permitting the Abel inversion of the spectra.

Other pulsed sources. Two other pulsed plasma
sources need to be mentioned for this review: (a) a
pulsed discharge sliding along the surface of a liquid jet
[19] and (b) the theta pinch {20].

(a) A condenser battery of 21 uF (inductance: 17.4
uH) charged up to 25 kV was discharged along the
surface of a liguid jet of low conductance. The discharge
current was not critically damped, the oscillations had a
half period of 116 ws. The plasma. which surrounded a

liqguid column, was radially symmetric. Barium, in-
vestigated in this experiment, was introduced into the
plasma by evaporation of the jet solution.

(b) The theta pinch is o well-known plasma source
frequently used for investigations of plasmas. It was
used [20] in an experiment set up o determine Stark
broadening paraneters of multiply jonized carbon lines.
The small theva pinceh anranpement included preioniza-
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tion, a preheater, and a main discharge using a 25 kV,
3 pF condenser bank. The compression coil had alength
of 30 cm and a diameter of 4 cm. The filling pressure was
about 0.4 torr. Spectroscopic observations were made
axially end-on. The magnetically compressed plasma
typically had an electron density of 4X10'" em~3, a
temperature of 60,000 K, and a lifetime of about 0.1 us.

c. Stabilized Ares and Plasma Jets

The two types of stationary plasma sources that have
been used for Stark broadening studies are stabilized
arcs and plasma jets. The plasmas are typically long,
rotationally symmetric columns.of cylindrical shape
(arcs) or conical shape (plasma jets). Typical dimen-
sions are 5 mm for the column diameter of wall-stabilized
arcs and 100 mm for their length; the plasma jets are also
about 5 mm in diameter and are 20-30 mm long. The
high pressure (up to 150 atmospheres) gas-stabilized arc
[21, 22] has much smaller dimensions, about 5 mm in
length and 1-2 mm in diameter, because of its larger
power requirements. A variety of different arc sources
and plasma jets have been described in the literature, to
which we refer for further details [23, 24].

The most attractive feature of arcs and plasma jets is
their stationary behavior which permits long observation
times and the application of slow photoelectric scanning
techniques. The observed line profiles are therefore
often precisely defined (see e.g., the line' profiles illus-
trated later in this review). The extended operating times
also permit accurate applications of various plasma
diagnostic techniques. However, the range of plasma
parameters and of diagnostic methods is more limited
than for other sources (see also table 2). For example, for
the wall-stabilized arcs the limited access to the arc
channel and its small radial extension make applica-
tions of laser ecattering techniques impractical.

To obtain accurate data with stabilized arcs and
plasma jets, the following factors are most critical and
have to be carefully investigated. Boundary layers in
end-on measurements have to be taken into account by
model estimates, or they need to be minimized by
introducing the species under study into the middle part
of the arc only, away from the cooler elecirode regions
{231. if gas mixtures are used, careful attention must be
given to maintaining a constant mixture ratio. Finally,
side-on ohservations require applieation of an advanced
Abel inversion scheme [23] in order to produce precise
results. While the inversion constitutes a bit of data
analysis work, it has the advantage that profile data are
obtained over the whole radial range of electron densi-
ties, so that the dependence of line widths and shifts
on the electron density is readily obtained.

2.2. Plasma Diagnostic Methods

The most critical part of the plasma analysis is the
accurate determination of the electron density since the

line broadening parameters depend linearly on it, except
for small higher order effects such as ion broadening. The
other quantity which also directly affects line broadening
parameters is the plasma temperature, but the correla-
tion with this quantity is a much weaker one. '

In the following we shall discuss the critical factors
involved in the principal methods used for the electron
density and temperature determinations. The various
spectroscopie approaches are well established, and we
presume that the reader is familiar with them so that
explanations will be kept to a minimum. For detailed
discussions of these diagnostic techniques, we refer to
a number of recent books and review articles [23, 25, 26].
However. the one essentially non-spectroscopic method

- often applied here, laser interferometry, is a rather re-

cently developed technique which has not been reviewed
in detail yet for the special conditions under which it is
used in Stark broadening experiments. We shall, there-
fore. present an extended explanation of this important
new technique in section 2.2.b.

a. Electron Density Determinations from Measurements of
Stark Profiles

In approximately one-half of the papers, the electron
density has been determined by measuring the Stark
widths of spectral lines for which the broadening param-
eters are well established by theoretical calculations and
measurements. These lines usually belong to species
added in traces to the plasma rather than the main
constituent. This diagnostic technique is a very attrac-
tive one since the measurements involved and the inter-
pretation are quite simple (except, perhaps, for the some-
what laborious shot-to-shot scanning with pulsed
sources), and the Stark widths are directly proportional
to the electrorn density. (These advantages have, of
course, also provided a major stimulant for preparing
this review, insofar as it will contribute 1o identify addi-
tional reliable Stark width data for determinations of
plasma electron densities.)

The most important points one has to consider in this
diagnostic technique are corrections for possible effects
of other broadening mechanisms, including instrumental
broadening, corrections for possible self-absorption, and
corrections for the continuous background under the
line. Also, one has to assure that the line is truly isolated
and not blended with any other weak line of the same
spccics or impuritics. The most desirable approach to
determine a Stark width is to compare the whole meas-
ured profile with the theoretical one and find the elec-
tron density from the condition of best fit rather than
from the simpler measuremént of the halfwidth. This
comparison has actually been performed sometimes in
the experiments reviewed here (see, e.g., Chapelle et al.
[27]. Popenoe and Shumaker [28], and Yamamoto [29]).

The most accurate results are obtained from com-
parisons with the Balmer line Hg which is quite fre-
quently used. Many experimental and theoretical studies

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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have established that precise halfwidth measurements
on this line will vield electron densities to within 10 per-
cent [1, 20]. For the He 3889 A line, which has been
applied only slightly less often, good agreement between
measurements and theory has been found [1, 31], too,
so that its line width parameter should be nearly as
reliable as for Hg. However. the 5 percent accuracy esti-
mate stated in ref. [32] appears to be overly optimistic.

Avplications using other lines whose Stark width
parameters have only been established by a single
theoretical or experimental investigation are less reli-
able. This -especially applies to the experimental data
on a C1 resonance line by Kusch [33], which is used in
later work of Kusch and Pritschow [17] on Ca 11 and
Heuschkel and Kusch [18] on Al1l. As seen in another
recent review [31], the measured Stark halfwidth for
the C1 line disagrees drastically with both theory and
a more recent experiment, i.e., it s a factor of 6 larger
than the theoretical value and a factor of 8 larger than
another experimental result. As a consequence, the
Can and Alnl results by Kusch and coworkers are
very suspect, and indeed, it is seen that their work
again yields very broad line profiles, wider by about
a factor of 5 than the other experimental results (see
the Ca1r and Al 11 tables). Hithn and Kusch [21] have
recently remeasured some of the Ca 11 lines by applying
different diagnestic techniques for the electron density
determination, and the new line widths are appreciably
narrower and come into fairly good agreement with
other experimental and theoretical values.

b. Laser Interferometry

Since its development in 1963, laser interferometry
has been continuously improved and may bhe applied
now for measurements of electron densities in the
range from 10'°-10'® cm > over optical path lengths of
the order of 10 cm. Since laser interferometry was
used in a number of the reviewed papers for the deter-
mination of electron density but has not been reviewed
in detail yet for the high electron density conditions
required for Stark broadening studies. it will be
described here in some length.

It was found by King and Stewart [34] that if a mirror
was placed on the axis of a laser beam, but outside the
cavity, interference occurred between the reflected
and incident light. If thc external path length was
altered by moving the mirror. then the whole laser out-
put was amplitude-modulated at the Doppler frequency
corresponding to the velocity of the mirror. The laser
intensity undergoes one cycle of modulation for each
complete wavelength change in the optical path. About
50 percent depth of medulation can be produced even
with the mirrors several meters away when only a
fraction of the output is reflected back into the cavity.

Hence, such a system is effectively an interferometer
with the advantage that the laser is both the source
of radiation and the detector of the interferometric

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976

fringes. it ‘was first used by Ashby and Jephcott [35]
to measure electron densities in plasmas, and the prin-
ciple of operation can be best understood from figure 1.

TRANSPARENT
M, M, PLATE My
DETECTOR I—{ LASER H PLASMA \
D, L L N ]

U‘I__l‘/

DETECTOR

d -

FicURE 1. Schematic diagram of the laser interferometer (M,;. M.,

M; = mirrors).

The interferometer usually consists of a He-Ne laser
with an external plane mirror M3 which forms a Fabry-
Perot etalon with laser mirror Ma. The exiernal cavity
contains the plasma whose index of refraction is to he
measured. The interference fringes in the external
cavity can be detected in two ways: (1) The intensity
of the laser itself can be used to observe the fringes
(with detector Dy). (2) Inserting a glass slide in the ex-
ternal cavity, a part of the interfering beam is reflected
onto another detector Ds. In the first case the laser acts
at the same time as source and detector, but in both
cases the laser interferometer measures only a change
in plasma refractive index and does not indicate the
steady state conditions.

The advantage of the detection of fringes in the ex-
ternal cavity is a very high frequency response. In this
way more than 50 resonances per microsecond have
been detected [36]. Alternatively, if the laser is used as
a detector, the signal is amplified which simplifies meas-
urements, but the time response is worse. Which method
is more advantageous depends, therefore, on the rate
of change of the plasma refractive index.

The sensitivity of the basic laser arrangement de-
picted in figure 1 has been further improved by various
methods: transverse modes are utilized [37, 38] which
can be supported in the external cavity when M; is
replaced by a spherical mirror; the third mirror M; is
made to vibrate, producing fringes in the absence of the
plasma, and when the plasma is pulsed. the fringes are
shifted from their original positions [39, 40]: the plasma
is placed in the laser cavity itself, and measurements
of the plasma eleciron density are obtained in the range
10'°-10'% cm-3 by observing heat frequencies between
two lasers where one ix perturbed by the intracavity

plasma [41-43]: a longer wavelength laser (CO, at
10.6 um [44-46]) has been used in o laser interferc-
metric arrangement.

Since in this review we are concerned with measure-
ments ol relatively high electron concentrations, typi-

cally in the ranpe 1 10" ¢m 3, only laser inter-
a plane external mirror, which are
most saitable tor thie application, will be discussed
Forthie

ferometers with
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General reviews of the plasma refractive index and
optical interferometry in- plasma diagnostics have been
given by Alpher and White {47], Martelluci [48], and
Ascoli-Bartoli {49]. Therefore, only the pertinent details
necessary for the understanding of laser interferometry
will be presented here.

It is first important to realize that the laser only gives
a variation in output when the plasma refractive index u
changes. Thus the electron concentration, even in a
steady-state plasma, has to be determined during
establishment or, alternatively, during interruption of
the plasma state. Then the fringes arise due to changes
in the concentration of all the component species;
consequently, im a speciral region far from strong
absorption lines, '

u(t) =1=KNo(t) + K No(t) + KNi(¢) +B(z). (1)

Here the K values represent the refractivities and N's
the densities of the electrons, atoms, and ions, respec-
tively, and. B is the contribution due to excited species.
The latter term is not well known: however, following
Alpher and White [50] one can take advantage of the
large dispersion of the electron component and deter-
mine its concentration for a.given plasma from the

different number of fringes which are obtained at two.

different wavelengths. Thus,
mAy) —M.()\Z) = pe(N1) — (X)) =

—4.49 X 10-14 (A2—22) N.. @)

At this point it is convenient to introduce the number
of fringes, f, produced by a plasma of length L placed
in a Fabry-Perot cavity (fig. 1) for a change of refractive
index Aw at a wavelength A:

f= A,&); 2L. . 3)

The factor 2 arises because the laser beam traverses
the plasma twice. Hence, for the change of electron
concentration AN, (in cm~?), eq. (2) gives. for two
wavelengths,

T . ,
of Mifi=hefe)=4.49X 1074 (33 =2 AN, (4)

This relationship holds only for the simple laser
arrangement; with an external concave mirror, the situa-
tion is more complex.

When the contribution of other plasma species to
the refractive index can be neglected, it is possible to-
determine the electron density change in any time
interval, in which the plasma refractive index varies,
by nsing single wavelength interferometry:

AutA] = Ape[A] =4.49 X 10-14X2AN, (5)

i.e.,
2-]]— Af=4.49 X 10-1\2AN, )
or _ J ]
ANe= g% 10-maLn @

Equation (7) is a good approximation for most of the
low-pressure pulsed sources (arcs, Z- and O-pinches,
electromagnetic T-tubes) where the electron concen-
tration is in the range of 10'*-10'® cm~3. Nevertheless,
this should be evaluated, if possible, for each particular
experimental condition. For example, in a low-pressure
pulsed arc in argon with the plasma parameters:

plasma length 10 cm
maximum electron concentration 107 cm™3
and electron temperature ' 20,000 K,

the number of interferometric fringes due to the decay
of electron density are 6.67 and 35.75 at 6328 A and
3.39 wm. respectively. Although the sum of heavy par-
ticles in this plasma source (atoms, ions, including ex-
cited species) remains constant during the decay, it
is much more difficult to evaluate its contribution to
the variation of the refractive index. For an accurate
calculation one must know the plasma composition as
well as the mean electronic polarizability & for each:
species. Both guantities are usually unknown, and there-
fore, we shall try only to estimate the contribution of
nonelectronic species for our assumed experimental
conditions. To evaluate the plasma refractive index,
one can use the following relation [47]

[;u——l]z-=21raini, (8)

where n; is the concentration of the particles per cm?.
Mean electronic polarizabilities for Ar1 and Ar1u are
taken from [47]

Ari a=1.98 X 10-24, 9
and

Arn &= 1.36 x 10-2, (10)

If one assumes that at maximum electron density the
plasma contains, aside from the electrons, only singly
ionized atoms, then

Hay —1=85X10-7 i1

At zero electron density, ene has only neutrals whose
refractive index is

poan - 1=12.5%10-7, (12)
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Phins the change o rebhractive indes
Ape pay, Mo =40X 1077, (13)
which corresponds to 0.13 and 0.024 of a fringe at

6328 A and at 3.39 wm, respectively. Therefore, if one
neglects the contribution of heavy particles to the
plasma refractive index, an error of about =2 percent
at 6328 A and =0.06 percent at 3.39 um results.

It is clear that at the time of maximum electron den-
sity in the plasma multiply ionized atoms and excited
species also exist which have a larger mean electron
polarizability [47]. However, their concentrations are
much smaller than that of the singly ionized atoms.in the
ground state.

Although the' above estimate shows that one-wave-
length interferometry gives satisfactory accuracy for
most of the plasma measurements, even at 6328 A, it
is always advisable to perform a two-wavelength
measurement since the second measurement represents
at the same time an additional accuracy and con-
sistency check. For the atmospheric and higher pres-
sure discharges (e.g., arcs and plasma jets), the con-
tribution of heavy particles to the change of refractive
index is not negligible and two-wavelength interfer-
ometry must always be performed. Furthermore, in
some cases only axial measurements of electron density
may be possible [51] due to large refractive index
gradients and strong schlierern effects.

If eq. (7) is a good approximation, one can readily
estimate from it the accuracy of the determination of
electron densities by laser interferometry. The uncer-
tainty in the plasma length introduces the largest error
which is usually between = 5 and =+ 10 percent, if the
plasma is homogeneous. The number of interference
fringes (depending upon the plasma electron con-
centration and wavelength) is in the range 5-20 with a
typical uncertainty of £ 0.2 of a fringe which corresponds
to a relative error of == 1-4 percent. Since these two
principal errore are independent errors, the total error
produced lies in the range from 5-11 percent, which is
somewhat better than for many spectroscopic methods.

From the above arguments one may conclude that
for low electron densities (smallest number of fringes
and largest error in the determination of this number)
it is advantageous to use a high sensitivity laser inter-
feromeler, e.g., with a concave external mirror or
operating at long wavelengths, so that a large number
of fringes would be produced. In all other cases the
design of a plasma source which is highly homogeneous
in the direction of observation and which has a well-
defined plasma length contributes most significantly
to obtaining high accuracy in laser interferometry. This
argument implicitly stresses the importance of investi-
gations of boundary layers along the interferometric
beam. ;

Laser interferometry has hecome an attractive tech-
nigue for measuring the electron density because it
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neither involves absolute intensity calibrations nor the
sometimes laborious scanning of line profiles (e.g., of
the Stark broadened Hg line). Furthermore, the align-
ment of the laser interferometer is very simple when
working with a He-Ne laser operating at 6328 A or at
6328 A and 3.39 pm simultaneously. By. counting the
interference fringes, it is possible in a one-shot experi-
ment (using single wavelength interferometry) to obtain
the electron density in a pulsed plasma source along the
laser beam path with an accuracy higher or equal to
speciroscopic methods. Another major advantage is
that the measurement does not depend on other prop-
erties of the plasma source, as is the case for some
spectroscopic techniques which require the existence
of local thermal equilibrium.

The main disadvantage of the laser interferometer is
that it provides only an average electron concentration
for that portion of the plasma volume which is traversed
by the laser beam. Thus, to examine, for example, a
radial distribution. the beam must be appropriately
advanced across the test region, and this restricts rapid
recording ‘of the spatial distribution since the fringe
patterns must be recorded at each point.

As far as classical interferometry (e.g., with a Mach-
Zehnder instrument) is concerned, the sensitivity of
the method is only one-half of the laser interferometric
method employing a plane external mirror, due to the
double path through the plasma. The applicability of
classical interferometry is limited to transverse investi-
gations of long plasmas, and the advantage of the long
plasma length cannot be utilized due to schlieren effects
which spoil the fringe pattern. Furthermore, one cannot
take advantage of the increased sensitivity obtained
with longer wavelengths due to the lack of suitable
photographic technique for the far infrared. It may be
possible to overcome this problem by using an infrared
detector, but in this case the laser interferometric tech-
nique has the immediate advantages of (a) a simple
optical alignment, (b) the possibility of using the laser
as both a source and detector of radiation, (c) a double
path system, and (d) the low cost of the laser compared
with the classical interferometer.

c. Flasma Equarions and Intensity Measurements

Several authors, principally Chapelle and coworkers
{52, 53}, have utilized this approach for argon, where
because of thie availability of many speciiosvopic data
it works particularly well. Lacal thermodynamic equil-

ibrium (LTE) is assumed, and the plasma conservation
and equilibrium equations |23, 25. 26]—<uch as the
Saha equation, the condition of electrical charge neu-
traility, and the ideal pas law  produce in conjunction
with line or continuunm mmtensiiy measurements all the
plasma composition data. .., the various particle den-
sities and the temperainre. While this method is a rather
indirect approach to deternune the electron density, it
hac nevertheloos fomnd heqnent applications since jt

vields a complete placaua composition analysis and the
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temperature simultaneously. It works especially well
in high density stationary plasmas where, furthermore,
checks with theoretical equilibrium criteria indicate
that LTE is very closely approximated.

An important requirement for this method is that
reliable atomic transition probabilities or continuum
absorption coefficients must be available to properly
utilize the line or continuum intensity measurements.
In this respect, argon is a favorable case, hecause fairly
accurate data for the above mentioned“ atomic quantities
are known. Thus, for argon—as well as a number of
other lighter elements—this approach is comparable
in accuracy to the other methods discussed. :

d. Miscellaneous Techniques

In some experiments {21, 22], the methods described
under 2.2.a and 2.2.c have been combined to produce a
redundancy of plasma data and thus judge their relia-
bility from their mutual consistency. Such an approach
is especially desirable if, in the individual diagnostic
measurements, atomic data of uncertain accuracy are
employed. In Murakawa’s work [54] on Hgi, the
Inglis-Teller method is used in which the clectron
density is estimated from the principal quantum number
of the last observable line in a. spectral series, an
approach which is less accurate than the others.

e. Temp e M s

As stated before, the dependence of line broadening
parameters on the temperature is not nearly as critical
as on the electron density. Therefore, achieving a =10

" percent accuracy for this quantity appears to be fully
adequate and is usually strived for. The methods
principally involved are:

Relative line intensities within the same species. In
this frequently applied method, the relative populations
of several atomic states of different excitation energies
are obtained from relative line intensity measurements.
If the plasma is in partial LTE, the populations adhere
to a Boltzmann distribution uniquely characterized by
their excitation temperature, and this temperature T
may thus be derived conveniently from a Boltz-
mann plot analysis [23, 25, 26]. Only the assumption of
partial LTE among the excited atoms or ions and the
knowledge of relative transition probabilities are
required. Partial LTE normally exists for the high
density plasmas applied here, and for many. light
elements, relative transition probabilities with accur-
acies close to 10 percent are available. The accuracy
of this method depends critically on the number of lines
available and especially on the energy spread between
the excited atomic states involved, which should pref-
erably be several times larger than £7. In favorable
situations the temperature may be determined to 2-3
percent, while normally an uncertainty of about 5-10
percent must be expected.

Line-to-continuum intensity ratios. This technique
may be regarded as a variation of the above discussed

method insofar as the continuumi replaces part of the
lines. This method is more limited in its application
because the required continuous absorption coeffi-
cients are generally not as available as atomic transition
probabilities. Applications have been limited to cases
involving helium as carrier gases [8, 55, 56). This method
is somewhat less accurate than that of the relative line
intensities discussed before.

Intensity ratios of lines from successive stages of ioniz-
ation of the same element. The intensity ratio of two
lines from successive stages of ionization depends very
sensitively on the temperature [23, 25, 26] since the
temperature dependence of two such lines is very
different due to a large difference in the excitation
energies. of the order of 10-20 (7. (This difference
includes the ionization energy of the lower ionization
stage.) However. the electron density must also be
determined. and the plasma must be in a state of com-
plete LTE so that the two successive stages of ioniza-
tion may be connected via the Saha equation. If this
condition is met. as should be the case at high electron
densities. then this method is a very accurate one for
temperature determinations. superior to the first two
methods discussed and comparable to the following
method.

Plasma equations and intensity measurements. The
method has already been discussed under electron
density determinations (section 2.2.¢c). For all experi-
ments in which the electron density is determined with
this method, the temperature is simultaneously obtained
from the analysis, too, which is an attractive feature of’
this technique.

2.3. Determination of Stark Profiles and Shifts

In principle, line shape measurements are straight-
forward. For the ideal case of a homogeneous steady
state plasma, which is approximately realized in end-on
observations on stabilized arcs and in very fast ‘“‘snap-
shot™ observations on homogeneous pulsed sources, one
simply scans over the profile with a spectrometer of
sufficient resolution. To carry out the very fast spectral
scanning on pulsed plasmas, a rapidly oscillating Fabry-
Perot spectrometer has been developed [57, 58]. Side-on
observations of stabilized arcs and plasma jets are more
tedious. In this case one has to obtain the intensity
distribution over the .cross section of the radially sym-
metric plasma for many fixed wavelength positions over
the range of the line profile. Then, by applying an Abel
inversion technique [23], one obtains the radial in-
tensity distribution at each wavelength and can thus
construct profiles for the radial positions of interest.
An advantage of this method is that one may obtain
profiles for a range of electron densities corresponding
to the different radial positions; i.e., one may measure
the functional dependence of line shape parameters
on electron density from a single experimental run. (A
graphical example is provided later.) In line shape deter-
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minations from pulsed sources with standard monochro-
mators, one must advance the instrument stepwise in
small wavelength increments over the range of the
line profile from shot-to-shot. Good reproducibility of
‘the pulsed plasma source and a 'monitoring setup are
required for this operation.

Line shifts are measured by comparing the investi-
gated lines with unshified reference lines generated in
low-pressure lamps. This may be efficiently dvne by the
photographic method because of the ease of recording
spectra on photographic plates and measuring small
wavelength differences. A special method applicable
to pulsed sources is to use as the reference line the line
emission from this same source at a very late stage of
the discharge, when the electron density has decreased
to a very small value [59-61}. (An example will again
be illustrated later.)

The line shapes are usually' the result of several
broadening factors, from which the Stark profile com-
ponent has to be isolated and retrieved. While the
experiments have obviously been designed such as to
have Stark broadening as the dominant cause of the
width, conditions can rarely be made so ideal that all
other broadening factors become insignificant.” The
best one can normally do is to reduce these as much
as possible 1o make Stark broadening the largest single
factor and then account for the other factors by suit-
able analysis and models. For the line shifts, the
situation is less complex insofar as van der Waals
shifts are the only competing factor. According to
theoretical estimates [25, 26], they may sometimes be
significant, especially if the Stark widths are small.

Unesxpectedly, we found that the reporting on the
measurement of line shapes and shifts and considera-
tions of competing factors have often been done some-
what carelescly in the literature. About one-half of the
54 papers utilized for this critical compilation were
incomplete in the reporting of possibly significant
factors affecting the line shapes.

Most often, statements were missing about possible
self-absorption effects and Doppler broadening. Since
we could not determine if an experiment has been
deficient on these points or if only the reporting was
incomplete, we could not make a meaningful judgment
on the data in this respect:; to be on safe grounds, we
made the assumption that these factors were not
considered and, therefore, lowered our accuracy esti-
mate by an amount which accounted for the estimated
significance. ’

Before discussing the significant factors which

. may influence the observed line widths, it is useful
to assemble some numbers for the various line width
contribntions  encountered in representative
experiments. This is done in table 4, which shows that
Stark broadening, while being a major contributor, is for
all examples not the only important factor involved.
Doppler as well as instrumental broadening are often

|fome
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comparable in magnitude, while the contributions from
van der Waals and resonance broadening are normally
estimated to be much smaller, and natural line broaden-
ing may always be neglected. With these numbers for
orientation, we shall now examine the significant

" influences on the line shapes.

a. Instrumental Profiles

The standard practice 10 determine the apparatus
profile of a spectrometer is to scan over a line whose
intrinsic width is very small compared to the apparatus
width sa that the latter determines its shape. Typically.
such narrow lines are obtained from low-pressure dis-
charges, like Geissler tubes or hollow cathode lamps.
The instrumental line shapes thus obtained are usually

- approximately Gaussian profiles. Since the Stark pro-

files are to a very good approximation of dispersion or
Lorentzian shape, the well-known Voigt profile analysis
[25, 26, 62] can be applied to derive the Stark width
from the total observed width. A number of authors
have also included in this analysis the Doppler width,
which is readily derived from the temperature of the
plasma [62]. Since Doppler broadening may be. con-
sidered another independent cause of line broadening,
which contributes —like instrumental broadening—a
Gaussian profile, the two Gaussian profiles may be cun-
volved. They again produce a Gaussian profile with a
width equal to the root of the sum of the squares of the
individual widths [25, 26, 62]. This resultant. width may
then be entered into the Voigt profile analysis to deter-
mine the Stark width as before.

For the plasma temperature range from about 10,000 K

.10 30,000 K and the elements and lines covered in these

experiments, the Doppler halfwidths vary from about
0.2 A for some lines of the lightest elements to about
0.02 A for a Hg 1 line. The Doppler widthe often con-
stitute a significant contribution to the overall line
width; nevertheless, in about 20 percent of the reviewed
papers, Doppler broadening has not been reported so
that we could not asceriain if it was considered. In
these cases we have estimated the Doppler widths for
the stated experimental conditions and have enlarged
the error estimates accordingly.

In a few experiments [8, 13, 55, 63, 64], a fast oscillat-
ing Fabry-Perot interferometer has been employed
for the line profile measurements. The determination
of the apparatus function is in principle similar to the
approach just described above. hui the analysis and
deconvolution procedure is more complex. A detailed

description is given by Jones e1 al {81

Chapelle and coworkers have, in some of their
recent work [27. 65], virtually climinated the instru-
mental broadening contribution by using grating spec-
trometers in high orders (12M-15" order). They thus
achieved a very high resolution. j.e., an instrumental
width of abomn 0.03 A which is typically one-tenth or
less of their observed Stark widihs,
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TaBLE 4. {Fulh Halfwidths due to various broadening mechanisms for some representative experiments

Auther Kusch Bridges & Wiese Ch‘apelle et al. Yamamoto Jaeger i Jones et al.
{33] » [82] |52 (29} i19] ‘ i8]
Line . Ci1 2992 A S 5027 A Arn 4426 & Can 3934 A Ban 4130 A ngH 2802 A
Temperature (K) 12800 11100 13000 11600 13200 18500
Electron Density tem=3) 16’7 7 X 10 107 6.4 X jOe CIoT ]0“7
Halfwidths (in A ¢
Stark 4.00 . 0.39 0.40 0.079 1.24 K 0.044
Doppler 0.07 0.07 0.06 0.048 < 0.043 0.056
Apparatus = 0.15 0.15 10,03 0.02 ) ")
van der v;faals {estimated) <0.025" 0.4 % 10-4 <'0.015¢ =4 x 1074
Resonance (estimated) ' < 0.8x 10°¢ <4Xx10-3
Natural® =]1x10 ¢ = 0.4 X 10-4 =1x10-* = 1.2 X 10+ =4 X 102 [ "“ L1 X104

2 Not explicitly stated, but taken into account.

Y Aceording to figure 5 of Kusch's paper, the neutral hydrogen density is ahout 5 times higher than the electron density.
¢ Jaeger states that relatively high concentrations of neutral hydrogen and oxygen atoms are present (Vy/N;, = 560).
9 Estimated from atomic transition probabilities tabulated in refs. [88, 89, 90}.

b. van der Waals, Resonance, and Naturgal Line Broadening

The broadening produced by these mechanisms is
usually not significant for the reviewed papers. Natural
line broadening is always less than 103 A and therefore
completely negligible (see estimates in table 4). Fur-
thermore, - since the plasmas are ionized 1o an ap-
preciable degree, the electron density is comparakle
o the neutral density, and electron impaci broadening is
dominant. Many authors have therefore not discussed
the broadening by neutral particles. In a few experi-.
ments where a large number of neutrals are present
(e.g., in the Ba il experiment of Jaeger [19]. the density
of (mostly) neutral hydrogen is 560 times that of (mostly)
ionized barium), estimates for the line widths produced
by van der Waals and resonance broadening have been
made using rather approximate theoretical expressions
[25, 66—68). From these formulas one finds that for
typical experimental conditions van der Waals widths
are about a factor of 100 smaller than the Stark widths
(see table 4). Similar, even more extreme ratios are
obtained for resonance broadening which, furthermore,
applies only to lines whose upper or lower state has an
allowed transition to the ground state,

Whiie these checks are sufficient for order of mag-
pitude estimates, they will anost certainly oot suflice
for cases where van der Waals broadening is estimated
to become comparable to Stark broadening results,
and experimental comparisons for such situations [21.
22] show that the early Lindholm-Foley [67, 68] theory
often disagrees strongly with the measurements. For
more recent and presumably more advanced theoretical
data on van der Waals broadening. the line broadening

bibliographies [3] issued by NBS should be consuited.
which contain several new entries.

c. Self-Absorption

Self-absorption will have the effect of disterting and
especially broadening a line and will, therefore, produce
an apparent width which is too large. If the self-absorp-
lion originates mostly from cool boundary layers of
much lower electron density and if the speciral reso-
lution is sufficient. the line center exhibits readily
recognizable self-reversal. But more often. self-ahsorp-
tion (especially when it originates within a homogeneous
plasma laver) will only slightly distort the shape of a
dispersion profile, even when it is very appreciable, as
was borne out by a recent analysis |31} Thus, it is
normally very difficult to judge the amount of self-
absorption from the observed shape of a line. In fact,
good adherence of Stark broadened lines to dispersion
shapes may have sometimes led authors to the false
conclusion that line shapes have not suffered self-
abserption.

A variety of well-established techniques -exists to
determine the presence of self-absorption effects. Par-
ticularly straightforward is the method of checking line
intensity ratios within muliiplets which are expecled
to adhere closely 1o LS-coupling. The well-known ratios
for LS-coupling line strengths [67. 70] are taken as the
basis to which the observed line intensity ratios are
compared, and a reduction in the ohscerved intensily
of the strongest line in a multiplet refative 1o a weaker
one indicates that self-absorption is For
example, one must suspect that some sell-absorption

present.
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is present in the Be 11 doublet presented by Sanchez
et al. (fig. 2 of ref. [55]) since the intensity ratio of the
lines is only about 1.8:1 instead of the 2:1 ratio expected
from LS-coupling. (Since the lines in a multiplet have
very nearly the same shape and width according to the
theory, the rativ may be found by simply comparing the
peak heights.)

A modification of this check is to vary the concen-
tration of the species under study and look for variations
in the intensity ratio (and in the line widths) with in-
creasing concentration. Another popular technique to
check for self-absorption is to double the optical path
length by placing a concave mirror at its focal point
behind the plasma and to find out if the increase in
signal, except for reflection and transmission losses,
also doubles. Preferably, one scans over the profile
of the line and observes if the profile is proportional
everywhere, by the same factor, to the profile obtained
without the mirror in place. Self-absorption is present
if the proportionality factor is not maintained for the
high intensity region near the line center but instead
becomes smaller. If the optical depth 7 is not large
(r < 1), une may correct the mecasurcd intensity to the
limit of an optically thin layer [62].

Still another method consists of (a) calculating the
intensity that would be emitted by a blackbody of the
plasma temperature at the wavelength of the line peak
and (b) comparing this with the actually observed (ab-
solute) intensity at the line peak. If the observed peak
intensity is not far below the calculated blackbody limit,
this intensity ratio may, within a certain range (< 0.6),
be used to apply corrections to the line profile.

Trn' eonclusion, we would like to emphasize that
self-absorption can be a critical factor and should be
given more attention in future experiments. We found
unexpectedly that in about one-quarter of the reviewed
papers no mention of self-absorption checks had been
made. Since these checks are especially critical for
resonance lines where self-absorption effects are most
likely to occur, we had no choice but to lower accuracy
ratings in all these cases. We feel, for example, that the
very large Stark widths determined by Kusch and co-
workers for Ca 11 {21] and Al 11 [17] lines may be to a
good part explained by undetected self-absorption
effects in another experiment by Kusch [14]. These
effects have probably distorted [31] his ej(perimemal
Stark widih parameters for the C1 2478 A resonance
line used for the electron density determination in the
above experiments.

d. Plasma Source Effects

Stark profiles may be distorted by the presence of
cooler boundary layers or spatial and temporal in-
homogeneities in the plasma over volumes and times
for which no resolution is provided. Spatial and tem-
poral inhomogeneities include those that mav arisc
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when materials are introduced into plasmas by evapora-
tion from the electrodes or as dust from the walls. Any
such 'unaccountable plasma source deficiencies will
produce profiles which may be considered as super-
positions of several components with different Stark
widths. Some crrors may be partly compensated if,
for example, the Stark broadening of a reference line
is used for the determination of the electron density,
since it will suffer from the same defect. Often, this
“superposition” of profiles is likely to give Stark widths
which are smaller than the true width since regions of
lower electron density will predominantly contribute to
the center of the line and thus raise it. While the papers
utilized for this critical compilation usually contamn
quantitative checks and corrections on temporal and
spatial inhomogeneities, sometimes the reporting is
very vague-—we quote: “‘the nearly homogeneous
central part of the plasma.” “essentially homogeneous,”
“nearly rectangular light pulses” ~so that it is im-
possible to make judgments on the magnitude of the
uncertainties involved.

e. Miscelloneous Distorting Fuclors

The observed line shapes may also be distorted by
some other factors, among which the possibility of
blending with nearby impurity lines and wrong posi-
tioning of the continuous background are most promi-
nent. If strong magnetic fields are present, Zeeman
splitting must be taken into account. Finally, one must
consider that the photographic technique is significantly
more uncertain for the determination of line profiles
than the photaeleetric technique because of the com-
plicated conversion process from film densities to
radiation iniensities, which involves a logarithmic
dependence between these two quantities. In contrast,
photoelectric signals are, over a wide range, directly
proportional 1o radiative intensities.

3. Description of the Data Tables and
General Discussion of the Results

3.1. Description of the Tables

Each data table is preceded by special remarks on
the utilized papers. Then, in tabular form, the key fac-
tors for each selected experiment—i.c., the plasma

source, the diagnostic technique. and the determination
of the Stark profile—are described by a short phrase or
remark for quick orientation, and the chosen references
are listed. The remark= made on the determination of
the actual Stark profiles and shifis are usually of critical
rather than descriptive nature.

The data tables basicallyv contain four pieces of in-
formatiow. In the fiest three columns, the investigated
transition- e wleanbied  spectroscopically by their
transtlion arras e

- by quantom numbers and multiplet

desipnations and o addition, also bV their wavelengths
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(given in Angstrom units). The multiplet numbers refer
10 the running numbers in the multiplet tables by
Moore [71], and the transitions are listed in order of
increasing lower and upper quantum numbers.

The second part of the table, comprising columns 4
and 5, contains the temperature and electron density
values at which the Stark widths and shifts have been
determined. Frequently, the actual experimental con-
ditions, especially the electron density, have not been
stated by the authors, and, instead, the line shape data
are presented at a reference electron density —usually
10" ¢cm—3—to facilitate the comparison with the cal-
culated widths and shifts. In most cases we had no
choice but to list. this reference density to which the
experimental data had been reduced by using the the-
oretical scaling law.

In the third part of the table, the measured Stark
halfwidths, wy,, and shifts. dy,, and the ratios of meas-
ured-to-theoretical widths, wy/wy, and shifts, dpn/dam.
are presented. The experimental Stark widths always
represent full halfwidths and are arrived at after cor-
rections for other broadening mechanisms, etc., have
been made. The experimental Stark shifts, however,
are usually identical with the observed shifts, i.e., the
shift data contain no corrections since it is assumed
that no other mechanism causing the line shifts besides
Stark broadening is effective. The only two exceptions
are the experiments by Helbig and Kusch [22] and
Hiihn and Kusch [21], performed with high pressure
arcs, where the density of (foreign) neutral atoms is
very high (up to 7 X 10® ¢m~3), 200 times larger than
the electron density. Thus, van der Waals shifts are
appreciable in this case and are separated {rom the
Stark shifts by applying theoretical density and tem-
perature relationships which are different for the two
broadening causes.

The theoretical width values used in the experiment/
theory ratios are from the tabulation by Griem and co-
workers [1, 2], which is the only comprehensive set of
calculated data available. The theoretical width data
are for the electron impact width only, i.e., the usually
very small additional width caused by ion broadening is
neglected. The comparison with the theoretical data has
been primarily done to make possible consistency
checks between the experimental data for different
elements and to obtain a general judgment on the
reliability of the calculated parameters, since these
should find many future applications.

In the final part of the table, our estimated uncertain-
ties in the data are presented, and the references
are identified. We have subdivided the uncertainties into
four rangés and coded these by letters, and we have
made further differentiations in the material by singling
out slightly better pieces of data among several similar
ones by assigning plus signs (+4) to indicate our-first
choices. The letters represent the following:

A= Uncertainties within 15 percent,
B = Uncertainties within 30 percent,
C = Uncertainties within 50 percent, and
D = Uncertainties larger than 50 percent.

We summarize the reasons for the choice of our error
limits in section 4.

3.2. iInstructive lllustrations

A number of papers contain particularly instructive
illustrations on profile and shift measurements. as well
as very informative graphical data comparisons. As an
example for precise profile measurements, we reproduce
a graph from a paper of Chapelle et al. {27] in figure 2.

FiGUrg 2.

Stark profiles of five lines of the Aru multiplet 4s'P—dp D¢ 1+ 4330.18 A,

V 4348.00 A. [0 4331.20 A. O 4379.67 A, @ 4420.01 A). from the measure-
ments of Chapelle et al. [27]. The broken line is an (average) theoretical pro-
file calculated according to a semiempirical theory by Griem [75].

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976



272

These workers have used a grating spectrometer in the
12th — 15% order and thus obtain a very high spec-
tral resolution (200,000) and a linear dispersion of about
0.4 A/mm. Interference filters are utilized to prevent the
overlapping of orders. The obtained line profiles are neg-
ligibly distorted by instrumental broadening (which is
about 0.02 A) but are, of course, still subject to other
broadening mechanisms, principally Doppler broaden-
ing. For the case of the argon lines determined, Dop-
pler broadening amounts, however, to only 10 percent
of the Stark broadening, so that according to the Voigt
profile analysis [62] the observed width is affected by
no more than 1 percent. Thus, figure 2, which is a com-
posite picture of five lines of the same Ar 11 multiplet,
essentially represents a purely Stark broadened line
profile. .

Auother instruetive line profile (fig. 3) is reproduced
from the paper by Jalufka and Craig [32]. The, profile

-1 EXPERIMENTAL

8 — VOIGT  PROFILE
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FIGURE 3. Experimental profile of the 3995 A N1 line, from the
work by Jalufka and Craig [32]). A Voigt profile is fitted
to the experimental data points.

for the 3995 A line of N 11 is obtained from shot-to-shot
scans with an electromagnetic T-tube. While the pre-
cision is not as high as in the preceding example,
nevertheless a well-defined profile is obtained. The
observed line shape contains appreciable instrumental
broadening, which has been found to be of Gaussian
shape. Since the Stark profile is Lorentzian, a Voigt
profile is expected for the observed line shape, and,
indeed, the fit to such a Voigt profile is seen to be very
good. Part of the Gaussian component is probably also
due to Doppler broadening, whiclhi the authors do not
mention in their discussion. '

Two illustrations of shift measurements are presented
in figures 4 and 5. In figure 4, which is from a paper by
Blandin et al. [65], the shift (to a shorter wavelength)
of the Ari1 4806 A line is shown. The trace for the
plasma-broadened Ar 11 line emitted from a plasma jet
is recorded with a high resolution spectrometer having
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FicuRe 4. Violet shift of the Ar 1 4806.07 A line, from Blandin et al.
. {65]. The plasma broadened and shifted line is com-
pared with the same, but narrow and unshitted, line of
the Ar i1 spectrum as produced with a low-pressure hol-
low cathode discharge.
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FiGURE 5. Two experimental profiles of the 43055 A Sru line
. obtained in a pulsed discharge at maximum electron
density. 3.40 X 10'" em *. U7 ). and 50 s later (@) at an
electron density smaller than {0"em # from Puric and
Konjevic {60].
a linear dispersion of 0.3 A/mm and is the relatively
broad shape with the lower bachground. The narrow
referen(:(- Fine s the same argon Line produced hy a IOW-
density hollow cathode famp. The recording of the two
lines ix presumaidy done siimultaneously (though not
statedt by tunnomy both <ourees ot the same time and
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employing a half-silvered mirror to merge the two optical
bheams.

A different procedure for measuring line shifts has
been developed by some other authors. Figure 5, taken
{rom a paper by Puric and Konjevic [60], shows a shot-
to-shot scan of the 4306 A Sr 11 line analyzed for two
different times during a pulsed discharge. The strong
broad profile of the line is obtained at the time of the
maximum electron density (about 3 X 10'7 em~3%). while
the narrow weak profile is obtained 50 us later, when the
electron density is reduced to less than 10’9 cm=3 and
the Stark shift, compared to the first condition, is
negligible. (The van der Waals’ shift, too, is estimated
to be very small, of the order of 10~ A or less, because
of the low neutral densities (=101 cm=3).)

The next illustrations are taken from the stabilized
arc measurements of Popence and Shumaker [28] and
show the dependence of the halfwidth (fig. 6a) and
shift (fig. 6h) on electron density for the 4806 A Ar Tl
line. The variation in electron density is obtained as a
result of side-on measurements and the application of
an Abel inversion procedure, which produce a range of
densities corresponding to the ditterent radial positions.
The theoretically predicted linear dependence of the
Stark width on electron density is seen.to be well
confirmed. o
" In the following six figures, 7-12, which may be con-
sidered updated and corrected versions of figures given
by Roberts and Barnard [61] and Hadziomerspahic
et al. [72], the experimental data on the (full) Stark
halfwidths and shifis for resonance lines of the alkaline
earths and their dependence on temperature are pre-
sented. Also included for comparison are theoretical
data. i.e.. the semiclassical calculations by Jones.
Benett. and Griem {1, 2] (always for the electron impact
widths) and the results of other special recent calcula-
tions [55, 73-78] for the alkaline earths. The figures
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FIGURE 6a. Dependence of (half) halfwidth on electron density for

the Arm 4806 A line, from the (side-on) arc measure-
ments by Popenoe and Shumaker {28].

!_TO—
08—
o]
06
L
I
»
W
= 041
D24
]
0l ) 1 1 1 } I
0 2 4 6 8 10 10812
ELECTRON DENSITY, cm™3
FIGURE 6b. Dependence of the blue shift of the Arir 4806 A line

on electron density, from the (side-on) arc measurements
by Popenoe and Shumaker [28].

show some appreciable differences between the experi-
ments and caleulations {1, 2, 73-78], but exhibit also
some disagreements between the experimenis them-
selves outside their mutual error estimates.

Be I RESONANCE LINES
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FIGURE 7. Measured and calculated {full) Stark halfwidths for the

resonance lines of Be 11 (3130.4 A and 3131.1 A), normalized to N,=
10'"em 3, as a function of temperature.

Curves: A = semiclassical calculations by Jones et al., Griem {1, 2): B= quantum mechani-
cal caleulations by Sanchez et al. [55]: Experimental points: = Sanchez et al. [55}: D =

Hudziomerspahic et al. [72]. The error flags represent the authors’ uncertainty estimates.

In particular, figures 8 and 9 show that the experi-
mental width results of several authors do not overlap
within their estimated mutual error limits. We refer
specifically to disagreements for Mgt between Cha-
pelle and Sahal-Brechot [53] and Jones et al. |8]. on
one hand, and Roberts and Barnard {61} on the other
hand; and for Cai1, between Yamamoto [29] and Rob-
erts and Eckerle {79}, on one hand, and Chapelle and
Sahal-Brechot [53], Hildum and Cooper [13], Jones et al.
[8], Hadziomerspahic et al. [72], and Roberts and Bar-
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FIGURE 8. Measured and calculated (full) Stark halfwidths for the
resonance lines of Mgn (2802.7 A and 2795.5 A). nor-
malized to N, = 10'7em~?, as a function of temperature.

!

Curves: A and B=semiclassical calculations by Chapelle and Sahal-Brechot [53] and
Jones et al.. Griem [1. 2]. respectively: C and D = quantum miechanical calculations by Bely
and Griem [76] (average for the two lines) and Barnes [77]. respectively. Experimental
points: E=Chapelle and S$ahai-Brechot [53]: F = Robens and Barnard [613: G =jones et
al. [8]. H =Hadziomerspahic et al. [72]. The error flags represent the authors™ uncertainty
estimates.
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FIGURE 9. Measured and calculated (full) Stark halfwidths for the

resonance lines of Call at 3933.7 A and 3968.5 A. nor-
malized to N, == [0 cm~¥, as a function of temperature.

Curves: A= quantum mechanical calculations by Barnes and Peach [74): B and C = semi-
classical calculations by Sahal-Brechot [73] and Jones et al.. Griem [1. 2]. respectively. Exper-
imental points: D= Baur and Caoper [87]: E=Chapelle and Sahal-Brechot [53]: F'= Yamamoto
f29]: ¢ — Hildune and Cooper [15]: H = Jones er al, {8): 1 = Roberts and Eckerle [T9]: ] =
Hadziomerspahic et al. |72]. The error flags represent the authors’ uncertainty estimates.

The data of Kusch and Pritschow [17] lie outside the range of this graph (/N = 1.0 at 7=
17,500 K).

nard [61] on the other hand. These examples apparently
indicate that the authors’ error estimates often have
not included all the errors incurred, and that, therefore,
error estimates should generally be more conservative.

The experimental data by Kusch and Pritschow [17]
for the resonance lines of Call (outside the range of fig.
9) whicli are in strongest disagreement with all other
results are also the ones which are most suspect. The
plasma diagnostic technique of Kusch and Pritschow is
based on the Stark width of a C1 line measured carlier
by Kusch [33], which itself is in strong disagreement
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FiGURE 10. Measured and calculated (full) Stark halfwidths for
the resonance lines of Ball at 4554.0 A and 4934.1 A.
normalized to N, = 10'"cm -3, as a function of tempera-
ture.

Curve: A = semiclassical calculations by jones [78]. Experimental points: B = Hadzio-
merspahic et al. [72]: C = }aeger [19]. The error flags represent the authors™ estimates.
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FiGURE 11. Measured and calculated Stark shifts for the resonance

lines of Cau at 3933.7 A and 3968.5 A. normalized to
N.= 107"cm~%, as a function of temperature.

Curves: A =semiclassical calculations by Jones et al.. Griem | 1. 2]: B= quantum mechani-
cal calculations by Barnes [77]. Experimental points: € Yauumotn {29): D= Puric and
Konjevic [60): E=Hadziomerspahic et al. [72]: F'= Roleits and Barnard (61}, The errar

flags represent the authors” uncertainty estimates.

with other measurements and theory [31] in the same
direction as the disagreement abtained here. More
recent measurcments I Hithin and Kusch [21] on some
other Ca 11 linex may he used 1o approximately correct
the earlicy the pewonanee line sinee both
papers contain m common. The Kusch and
Pritschow widili for the Canr resonance lines
are thenveduced Lo tacior of about 2.3 and thus come
signiheantle cheer o the other experimental data.
Sl bl v o ol o tactor of 2 remains, which may be
due to el abe dptnen clleets not considered for the —in

results foy
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'FIGURE 12. Measured and calculated Stark shifts for the resonance
lines of Bail at 4554.0 A and 4934.1 A, normalized to
N,=10""em~?. as a'function of temperature.

Curve: A = semiclassical calenlations by Jones [78]. Experimental points: B = Puric and
Konjevic [60]: C = Hadziomerspzhic et al. [72). The error fiags represent the authors’ un-
certainty estimates.

this respect—rather sensitive Call resonance lines.

3.3. General Discussion

Figure 2 contains important info}ma,tioxi on a question
which has not been discussed yet, namely, how closely
the Stark widths for different lines of the same multiplet
agree. The figure shows that for five lines within a
multiplet of Arii the measured widths agree within the
small experimental uncertainties, which are less than
5 percent. This result thus confirms a general prediction
of the Stark broadening theory for isolated lines in
cases where LS-coupling is a good approximation. Our
tables contain a number of other cases where different
lines within the same multiplet have been studied, for
example: Bell lines {72]; Cur [14): O 11 [91]: O 11 [91]:

-Mgir [72): Sin {80, 81]: S 11 [82): Ar11]27,52, 56,63, 65};
Can [21, 72): Bai [19, 72]. In all these cases, the
theory is confirmed, i.e_, the lines in a multiplet have the
same width within the experimental error limits. How-
ever, several exceptions exist, and it appears that
width differences for lines of the same multiplet indicate
deficiences in the experiments. The work in guestion
is on Ca11[17], Cd11[83],Zn11{84],and S1i and P11 [11].
In some experiments we suspect the differences to be
causcd by sclf-absorption cffccts since the stronger line.
which should be more self-absorbed, is broader than the
weaker line in the multiplet.

The extensive shift measurements by Morris and
Morris [85] on Arii indicate that the multiplet rule is
valid for the shifis, too. Within their estimated error
limits, the same shifts are encouniered within all
multiplets.

4. Summaery and Qutleok

The principal elements in our critical evaluation of
cxperimental Stark broadening data for isolated jonic

lines 7have been the assessments of (a) the plasma
sources (section 2.1), (b) the diagnostic methods (sec-
tion 2.2), and (c) the measurement techniques for the
line shapes and shifts (section 2.3). As discussed in
detail in section 2, the discussions by the authors on
points (a) and (b) were generally found to be sufficiently
complete, and the estimated uncertainties appear to
be realistic (but often on the optimistic side). However,
significant deficiencies turned up in many authors’
discussions on the Stark width and shift measurements
(point (c)). To restate the most serious deficiency, ap-
proximately one-half of the selected papers did not
contain any statements on the effects of either Doppler
or apparatus broadening or possible self-absorption for
conditions where the influence of these factors is esti-
mated to be not negligible. Since we cannot be sure
whether the missing statements are just an oversight in
the reporiing of the results or a true deficiency of the
experiments, we have adjusted our accuracy ratings by
an amount which we estimate will cover the additional
uncertainty introduced.

* Two additional factors guided us in our error esti-
mates and caused us to be more conservative than many
authors. These are, first, some discrepancies between
experimental results outside the mutually estimated
error limits, as is for example clearly seen in figures 8,
9, and 11, and secondly, the sometimes appreciable
differences between the Stark widths of different lines
within the same multiplet.

The experimental daia on the Stark - widths of isolated
ion lines selected for this tabulation are found to be
generally in agreement with each other within the error
limits cstimatcd by us. The best-rated data arc rccom-
mended for plasma diagnostic applications.

A result of considerable practical value is the con-
clusion that the measured widths are generally in fajrly
good agreement with the comprehensive semiclassical
theory developed by Griem and coworkers [1, 2], which
confirms an earlier study by Jones on this subject {86].

This review also indicates ihe need for further experi-
mental material, especially for high accuracy data, as
well as for more completeness in the measurements and
reporting. Most thoroughly investigated are the reso-
nance lines of the alkaline earths and a number of promi-
nent lines of Arii. with fair agreement between the
various experimental data as well as the experiments
and caleulations. Additional work most needed at this

time is on the spectra of permanent pases. like O or
Ne 1. for which many applications exists as well as for
higher stuages of fonization.
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6. Data Tables

6.1. Aluminum

Al

Ground State

Tonization Potential

The present situation on experimental Stark broaden-
ing data for Al lines is quite unsatisfactory. One line
was investigated with a gas driven shock tube [1]
under very low instrumental resolution and another
line was studied with an electromagnetically driven
T-tube and a scanning Fabry-Perot interferometer [2].
Several more lines were measured with a pulsed, capil-
“lary discharge [3]. The electron density measurements
of this experiment were based on previous resulie for

the broadening of the C1 2478.6 A line which are in

15%25%2p¥3s 18,
18.828 ¢V =151860.4 cm™!

strong disagreement with other experiments and with
the theory [4].

References

[1] Miller, M. H., University of Maryland Tech. Note BN-550 (1968).

[2] Allen, A. W., Blaha, M., Jones, W. W., Sanchez, A., and Griem,
H. R., Phys. Rev. Al1, 477 (1975).

[3) Heuschkel. J.. and Kusch.H. J.. Astron. Astrophys. 25,149 (1973).

4] Komevie, N., and Roberts, ). R. (J. Phys. Chem. Ref. Daia 5,
201 (1976).

Key data on experiments

Method of measurement

Ref. Plasma source
" Electron density

Remarks
.
Temperature

{11 | Gas driven shock tube Hg Stark widt;l

[2] | T-tube Stark width of He 1 3889

A line

Stark width of C1
2479 A line

{3] | Pulsed capillary discharge

Absolute intensity of Ne I 5852 A

Ratio of He 1 5016 A line

Relative intensities of Mg 11

Photographic technique; low
line and Hy: line reversal instrumental resolution (4 A).

technique applied to H,

No self-absorption check
to adjacent continuum reported.
Photographic technique: no

lines at 2791 A and 2803 A self-absorption check

reported.
Numerical results for Al 1
Transition array Muliiplet Wavelength | Temperature [ Electron density | wu(A) | wujwn I‘ dptAy b dfd }\r Ace. ) Refl
(No.) A (K) (ecm=¥) ! l !
: | |
| B B
1. 3s3p—3s(:S)ds 1pe-18 2816.2 20 000 10X 1007 0.77 Iz } b 131
(7 UV)
2. 3p*-~3s(:S¥p 1D-P° 4663.1 20 000 1.0 x 1007 5.2 4.64 D 13]
2 18 500 1.0X10%7 0.90 0.80 B2
3. 3p*-3s(:SUSf 'D-1Fe 2631.6 20 000 1.0 % 107 1.54 0.29 D 13}
(11 UV)
4. 353d-3s(:SUf 3D-3F° 3587 20 000 1.0x 107 2.88 D [3]
5. 3s4p—3s5(2S)5d ‘P;E")D 5593.2 20 000 1.0x 107 1.4 C [1]
;
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6.2. Argon

Ground State
Ionization Potential

For Ari1 by far the largest amdunt of material is
available: a total of 33 papers were reviewed, of which
13 were. selected [1-13].

In addition to the extensive number of Ar 11 shift and
width data, several full line profiles were carefully
investigated [7] and were found to be of Lorentzian
shape. An example is presented in the general introduc-
tion (fig. 4). It is alsc worth mentioning that the tempera-
ture dependence of shift-to-width ratios has been
experimentally studied {14, 15]. The wavelengths for all
listed Aril lines have been taken from the recent
comprehensive description of the ‘Arii spectrum by
Minnhagen [16].

References
{1] Popenoe, C. H., and Shumaker Ir., J. B., ]. Res. Nat. Bur. Stand..
Sect. A69, 495 (1965).
[2] Jalufka, N. W., Qertel. G. K., and Ofelt, G. S.. Phys. Rev. Lett.
16, 1073 (1966).
[31 Murakawa. K., Yamamoto, M., and Hashimoto. S., “Proceedings

of the Severith International Conference on lonization Phe.

Ar 1t

1522s522p83523p52P%;
27.629 ¢V = 222848.2 cm !

nomena in Gases.” Vol. 11. 594 (Gradevinska Knjiga Publishing
House, Belgrade (1966).

{4] Roberts, D. E., Phys. Lett. 22, 417 (1966).

[5] Chapelle, J.. Sy, A.. Cabannes. F., and Blandin, J.,J.Q.S.R.T. 8,
1201 (1968): Chapelle, J., Sy, A., Cabannes, F., and Blandin, J.,
C.R.H. Acad. Sci., Ser. B264, 853 (1967).

{6] Blandin, J., Sahal-Brechot. S.. Chapelle, J., and Sy, A., Phys.
Lett. 26A, 487 (1968).

[7] Chapelle, I., Sy, A., Cabannes. F., and Blandin, J., C.R.H. Acad.

- +Sci., Ser. B266, 1513 (1968).

[8] Roberte, D. E., }J. Phys. B1, 53 (1968).
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unpublished.
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. Key data on experiments

Method of measurement

Ref. Plasma source

Electron density

Remarks
Temperature

m Wall stabilized arc

2] T-tube

[3] Plasma jet

[4] Z-pinch

15) Plasma jet

[6} Plasma jet

{71 Plasma jet

[8] Z-pinch

{9} T-tube

[10] T-tube

[111 Wall-stabilized pulsed arc

Hjy Stark width

Stark width of He 15876 A
Plasma cumpositivn data
Laser interferometer at

6328 A

Plasma composition data

‘| Plasma composition data

Plagma composgition data

Laser interferometer at
6328 A

.H; and H, Stark widths

Laser interferometer at
6328 A, 1.15 pem and
3.39 um

Hy Stark width

J. Phys. Chem. Ref. Data, Vel. 5, No. 2, 1976

Plasma composition data

Ratio of intensity of He 1 5876 Aline
to underlying continuum

Abzulute intensity uf Ar1 7948 A line

Intensity ratio of Aril and Aring
lines

Absolute intensity of Ar1 4159 A
line and intensity of continuum

Absolute intensity of Ar1 4159 A
line and intensity of continuum

Absolute intensity of Ari 4150 A
line and intensity of continuum

Relative intensity of Ar1iand Ar
11 lines

Absolute intensities o Ai 1 il
Arli lines

Boltzmann plot of Ay 11 b

intensitio-

Abhsolte interoaty b Ao and

Av b

No self-absorption check
reported.

Nu self-aliso ptivn check
reported.

Shift measuremenis only.

Dappler broadening may be
~iznificant for some lines, but
no correction is repm‘led.

Noppler broadening is neglected.

Shift measurements only. with
photographic technique.
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Key data on experiments — Continted

Method of méasurement
Ref. Plasma source —_r Remarks
Electron density ‘ Temperature
{12 T-tube Laser interferometer Boltzmann plot of Ar 11 line No self-absorption check re-
intensities ported. No discussion on

Doppler and instrumental
broadening.

{13} Wall-stabilized arc Plasma composition data Ratio of Aru1 4348 A to continuum

: a1 4350 A |

Numerieal results for Ar 11

Transition array Multiplet Wavelength | Temperature Electron wp( A) | wlwp dw(A) dn/dy, | Acc.| Ref.
' {No.) ) A Ky . | density(cm™3)
-
1. 3p3d-3p*(*P)4p| D-P¢ 4400.99 13 800 1.2%x107 | 0.44 1.31 ) C | {5
(1 ‘ ' 13 800 1.0 1017 1 0.050 0.55 B | 6]
20 000 1.8% 1077 . 0.12 0.83 c ) ny
4371.33 13 800 1.2% 10 | 0.40 1.17 Cc | 5l
13 800 1.0 109 0.060 0.67 B | 6]
20 000 . 1.8x 1077 0.11 0.75 c i ny
16 500 1.0x107 | 0.30 1.07 0.07 0.88 c | 2
4332.03 20000 1.8x 1017 0.11 0.75 c |
4431.00 13 800 1.2x107 | 0.40 1.7 C | {5
: 113 800 1.0 % 3017 0.070 0.78 B | 16)
4400:10 13 800 1.2x3107% | 0.38 1.13 c | 15
13 800 1.0 10%7 9.050 0.55 B | 6l
*'20 000 1.8x 107 0.12 0.83 c | 1
4352.20 ' 13 800 1.2%1017 | 043 1.27 c | 3
13800 1.0x 107 0.050 0.55 B | [6]
20 000 1.8x 107 0.11 0.75 c | an
4460.56 31 000 10X 107 | 0280 1.15 [T
4420.91 20 606 1.8 1017 0.11 0.75 c | nn
3D-4D° 4013.86 13 800 1.2x10% | 040 1.47 C | 5]
(2) 13 800 1.0x 107 ' 0.098 ‘118 B | f6]
31 000 1.0X 10" | 0.316 1.76 cl o[
20 000 1.8x 1017 0.044 0.59 c | an
16 500 1.0X107 | 0.24 1.09 0.09 113 C | 12)
3969.36 13 800 1.0% 107 0.099 1.19 B | 6]
20 000 1.8 %101 0.08 0.59 c | (113
3914.77 20 000 1.8x 10" 0.06 0.45 c | opy
3944.27 20 600 1.8% 10 0.09 0.68 © ooy
3875.26 20 000 1.8% 107 0.05 0.38 cl oy
4038.81 20 000 1.8x 107 0.08 0.59 Cl o
3992.05 26 600 1.8% 1057 0.08 0.59 <oty
4D-18° 3499.48 20 000 1.8X 1017 0.10 C | [y
(5)
2. 3p*(P)3d~ 2p-2p° 3605.88 20 000 1.8% 10" 0.07 c | ny
3pi('D)dp’ (30)
2p-2p° 4481.81 8300-16 500 | 1.0x107 | 0.36- C+) 1o
(39) 6.34 K
16 500 1.0 107 0.32 0.08 € | D2}
3. 3p*4s-3p*(3PMp ip~spe 4806.02 | 11 800~13 000 (6.0-10.1) 0.18~ {0.87-0.90 (—0.045)-| 0.95-1.11 B | {1]
(6) X 101 0.30 (—0.075)
18 600 1.03x 107 | 0.39 1.07 Cr i (2
31 000 4.4%10% | 1.78 1.18 C| [
13 800 1.2%107 | 043 0.92 C i 5
13 800 1.0X 10" | ~0.090 1.45 B | i6]
13 000 1.0%107 | 0.36 0.91 | B (7]

3
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Numerical results for Ar 11— Continued

Transition array Multiplet Wavelength | Temperature Electron Wi ( ,&) Wnfwm dunl A) dn/dn | Acc. | Ref.
(No.) A (K) density (cm~3)
31 000 1.0X 107 | 0.404 1.19 C+| [8
13 900 8.0% 10 | 0.22 0.71 —0.054 1.11 C |
9700-16 500 |  1.0%x10"" | 0.32- {0.73-0.80 Cc+| [10]
0.30
20 000 1.8x10"7 —0.06 1.57 C | nny
116 500 1.0X10"7 0.32 0.84 ~0.08 2.0 C | N2
4933.21 31 000 1.0X 107 0.428 1.26 C+| [8]
16 500 1.0X107 | 0.34 0.89 ~0.08 2.0 c | 9
4735.91 18 000 1.0 % 1077 0.39 1.07 C | (2]
13 900 8.0x101 | 0.22 0.71 —0.061 1.24 C |
8500-16 500 |  1.0x10" | 0.34~ 10.74-0.80 Cc+| [10]
0.30
20 000 1.8X10'7 . —0.08 2.09 c | un
16 500 1.0x107 | 0.32 0.84 —0.10 2.5 c | n2
4847.82 13 800 1.2X107 | 0.45 0.97 C |5
13 800 1.0X 107 —0.087 1.40 B | [6]
13 000 1.0x107 | 0.36 0.91 B | N
31 000 1.0%10% | 0.376 1.1 c+| [8]
850016500 | 1.0Xx10" | 0.34— |0.74-0.80 c+{ [0
0.30 |
20 000 1.8 % 10" ' —0.08 T 2.09 c | un
16 500 1.0x107 | 0.32 0.84 —0.08 2.0 c | 121
5009.33 13 800 1.0 % 10 —0.090 1.45 B | [6]
16 500 1.0x107 | 0.34 0.89 —~0.08 2.0 C i 12)
5062.04 31 000 4.4 %1077 1.94 1.29 Cc | 14
~ |+ 31000 1.0 X 1077 0.44 1.29 S CHl o8]
sP—D° 4348.06 | 14 500-15 600| (1.0-1.8) 0.135~ |0.47-0.74 | (—0.17)-| 0.36-0.54 C | [3]
7 . ‘ X107 | 0.183 (—0.40)
13 800 1.2x 1077 0.40 1.08 Cc | 5}
13 800 1.0x 107 —0.050 0.98 B [6]
13 000 1.0x 10" 0.32 1.02 B {71
31 000 1.0x 1017 0.230 0.83 C+| [8]
13 900 8.0%10% | 020 0.82 -0.025 0.61 C | (9
9700-16 500 |  1.0% 10" | 0.36- |1.01-1.11 c+| 1oy
. 0.32
20 000 1.8% 1017 —0.07 2.29 c |y
16 500 1.0x10"7 0.26 0.87 —0.06 1.50 C | g
11 950-13 500 (0.63—1.28) 0.142- 10.68-0.73 Ct| {13}
X107y 0.290 (
4426.01 18 000 1.0x 107 0.35 1.30 C [2]
© 13800 1.2x 107 | 0.40 1.08 c| 5
13 800 1.0x 107 —0.055 1.08 B | 16
13 000 1.0x107% | 0.32 1.02 ’ B | (7
13 900 8.0X10% | 0.20 0.82 | c| (9
20 000 1.8% 1017 —0.06 1.94 C {11
16 500 L.OX107% | 0.24 0.80 - 0.06 1.5 C | nzt
4430.19 13 800 1.2 %X 107 0.40 1.08 C [5]
13 800 1.0 X 10% —0.058 1.14 B | [6]
16 500 1.0X107 | 0.24 0.80 -0.08 2.0 Cc | 2
4266.53 31 00y 4.4 X 10" 1.48 1.01 C [4]
31 000 1.0x 107 | 0.336 1.21 c+{ [8)
20 000 1.8 %10 —0.06 1.94 C [11]
16 500 1.0x10% 1 0.28 0.93 -0.07 1.8 c | 12
4331.20 13 800 1.2X 10'7 0.395 1.08 C | 5]
13 800 1.0 X 10 —0.042 0.82 B [6}
13 006 1.0x10% | 0.32 1.02 B | 7
20 000 1.8x107 | | —0.05 165 | €| a7
4379.07 13 800 1.2 X 10 | U39 1.U5 C 154
13 800 1.0 % 1047 ~0.044 0.86 B | [6]
13 000 1LOX 107 | 0.2 1.02 B | 1
9700-16500 | 1.0x 107 |03t [0.95-1.1) C+| noy
02
16 500 LOx 10 | 00 1.0 —0.08 2.0 C | 2]
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Numerical results for At 11— Continued

Transition array Multiplet Wavelength |- Temperature Electron wm( A) l Wnlwy dn(A) dnldp } Acc. | Ref.
{No.) A (K) density (cm~?) J
4178.37 20 000 1.8% 10" 005 | 16 | € |0l
4282.90 20 000 1.8 % 10" ‘ —0.06 1.94 Cc |-[nu
sP—2D° | . 4082.39 20 000 1.8% 1017 0.07 C | ny
(8) 4228.16 13 800 1.2>10"7 0.435 C | 5]
. 13800 1.0 1007 —0.01 D | {6
ip-4§° 3729.31 18 000 1.0x107 |11 5.0 D | (2]
(10) 8500-16 500 | 1.0xi0  (0.26- [0.92-1.07 C+ | o
0.24
20000 | 1.8x107 —0.06 (*) c | nuy
16 500 10X 107 | 0.26 1.08 0.08 1.00 C | N
3850.58 13 800 1.2x107 | 0.33 1.19 C |15
13 800 1.0 % 107 —0.001 ) C | (6]
13 000 1.0 < 1077 0.26 1.08 B [71
31 000 LUX 107 | 0.320 1.58 c | (8
20 000 1.8% 10" —0.09 (%) C |y
/3028.63 13 800 1.2x107 | 0.33 1.19 | C |5
13 800 1.0 X 10% —0.001 (*) c | fe]
13 000 1.0x107 | 0.26 1.08 B | [7]
2p-sD° 5145.32 8500-16 500 | 1.0x107  |0.44— c+ | [0
(13) 0 3h
16 500 1.0x 107 | 0.36 0.05 C 102
2p-2pe . 4879.86 31 000 44x107 1216 1.26 C | M
(14) 31 000 1.0%107 | 0.492 1.26 c- | (8
1! 13900 | BOX10% | 036 100 | —0.08 023 | C |9
9700-16 500 { 1.0x10'"  |0.44— |0.87-0.94 c+ | [10}
0.40
20 000 1.8% 1077 —0.10 0.38 C | nn
16 500 1.0x10% | 042 0.95 —0.05 0.31 C | n2
4726.86 13 800 1.2 %107 0.48 0.89 C | sl
13 800 1.0 X 1017 —0.078 0.47 B | [6]
8500-16 500 | 1.0x 107  [0.42- |0.79-0.85 c+ | [10]
0.36
20 000 1.8% 10" —0.08 0.30 c | nn
16 500 1.0x 107 1 0.36 0.82 —0.08 0.5 c | nz2
|
zp_zpe 4545.05 13 800 1.2x101% | 0.50 c | [s]
(15) 13 800 1.0 X 107 —0.052 B | [6]
13 000 1.0x 107 0.38 i | B 17]
8500-16 500 |  1.0x 107  [0.32- ¢ ol
0.32 |
20 000 1.8x 10+ - 0.05 [ [
16 500 1.0 X 101 0.32 o0 ( 1121
4657.89 13 800 12x10% | 0475 Gl
13 800 1.0 x 1017 1055 B 6]
13 000 1.0% 1017 0.38 ‘ By 4T
8500-16 500 1.0X 107 10.30- ; ool
0.28 ‘
20 000 18X 10 | —0.03 C | oy
16 500 1.0x10'7 | 0.32 0.08 c | nz
4764.86 13 800 1.2x10% | 0.505 [ ol O
13 800 1.0x 1057 —0.052 B | [6]
{ | 8500~16 500 1.0X 107 10.32— c+| [10]
0.30
20 000 1.8x 10" —0.05 c | 1
16 500 LOX107 | 0.32 0.10 C | n2
|
2p-28° 4375.95 20 000 1.8% 1017 0.0 ; {11
(17)
4579.35 13 800 1.2%x 107 | 0.42 Loc| Bl
13 800 10X 107 —0.029 { B.| [6]
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Numerica) results for Ar 11— Continued

Transition array Multiplet Wavelength
{No.) A
-
4. 3p*as-3p (*DY4p'| PP 2942.89
p-:D° 2844.13
(16 UV) 2847.82
5. 3p'4s'-3p4'D)p’ *D-2F" 4609.56
(31)
4589.90
2D-2p° 4277.52
32 4237.22
2p-2D° 4079.58
33 4042.90
6. 3p*ap=3p*(*P)ad sPeD 3514.39
44) 3535.32
3509.78
3454.10
P 3780.84
(54) 3826.81
3872.14
3880.34
3763.50
3799.38
3843.52
3900.62
3911.57
Do 3520.00
(56) 3548.52
HUSH 3 3370.93
(57} 3421.62
3565.03
3480.5}
DR 3397.9G
(59) 3430.42
DD 3988.16
(65)
:De-2F 3464.13
(70)
PP 3137.63
(71)
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()
9700-16 500

20 090
16 500
20 000

20 000
20 000

13 800
13 800
13000
13 900
9700-16 500

20 000
10 500
13 800
! 13 800
| 13 000
20 060
20 000
20 000

20 000
16 500

20 000
20 000
20 000
20 000

20 000
20 000
20 000
20 000
20 000
20 000
20 00D
20 000
20 000

20 600
20 000

20.000
20 000
20 000
20 000

20 000
20 000

20 00O

20 000

( 20 000

Temperature |

Electron '
density (cm~3)

1.0 X 107

1.8x 107
1.0x10%7
{.8x 107

1.8 x 107
1.8 %10

12X 17
LOx 107
1.ox 10"
8.0x 10
LOXx 1077

1.8x 1077
1.0 X 107
1.2% 1%
1.0x 107
1.Gx 1017
TRX 107
1.8 10"
1.8 10%

1.8 x 107
1.0x 107

1.8x 10V
1.8x 1017
1.8x 104
1.8 %10V

1.8x10Y
1.8x 107
1.8 107
1.8 X107
1.8x 107
1.8 X 107
1.8% 10¥
1.8 x 10V
1.8 %10

1.8 x 1077
1.8x 10

1.8%x 10"
1.8 %1017
1.8x 10
1.8x 1017

1.8x 1017
1.8x 101
1.8x 10"

1.8x 107

1.8 100

i wmt A)

) 0.0
0.32 0.0
0.21
—0.04
) —0.03
0.47 ;
i —0.048
0.365 S
0.22
0.34-
032 |
; 0.0
0.34 —0.05
0.44
—0.047
0.365
0.00
0.28
0.28
—0.08
0.22
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Numerical results for Ar t1= Continued

_ : P . -
Transition array Muftiplet Wavelength 'l_"«-mperahm- Electron wnlA) | wefwm dylA) dwldy | Ace.] Rel
(Nn.) A _ (K) { density rem-H
Pe.2p, 3293.64 20 000 1.8x 107 0.55 C ) 1)
(83) 3307.29 20 000 1.8 x 107 0.67 Coffy
3360.59 20 000 1.8 X 1017 0.52 C | [11]
1goap '3868.52 20 000 1.8% 1017 0.60 coypm
(90) 3932.55 20 000 1.8x 1017 0.56 Ceop g
3979.36 20 000 1.8 X101 0.63 ¢+ [11]
1802 3388.53 20 000 1.8 X 10 0.43 € [11]
(96)
7. 3pidp’-3pi0Dad’|  2k-D° 3414.46 20000 | L8x10%7 0.78 AEREI
' (107)
Fef 3376.44 20 000 1.8X.1017 0.66 Gt
(109) 3350.93 31 000 4.4 X 1007 2.60 ( [4]
) 31 000 1.0x1017 | 0.592 C118)
20 000 1.8x 1007 0.53 (o8} (]]]
3365.54 20 000 1.8x 1017 0.62 C+ ({111
spez]) 3660.44 20 000 1.8x 10 0.49 ¢
(116) 3639.83 20 000 1.8x 1017 0.45 <o
ey 3808 17 20 000 1.8x 100 0.62 Ce
{129)
B 3737.89 20 000 P8 x o 0.68 C oy
(13 L 3718.21 20 DOV 1.8 % e 0.6 C+olin
372452 20 Q0 1.8 x 107 .59 cs I}
8. 3pthp=3p (3135 Apraap 372013 20 000 .8 104 0.60 C EH\}
CR2) 3669.61 200000 8 x 10 0.76 C [y
367827 20 0 Lex i | 0.63 : c g
362214 20 000 1.8 1o 0.59 C 1)
3809.46 20 000 1.8x 1017 0.37 Cr oy
3770.52 20 000 18X 0 0.50 C- oLy
e p 3650.89 20 000 1.8 107 0.64 Coolfnyg
{43}
e 1033.82 20 400 8 x 17 0.68 Co oy
(523 4179.30 201000 1.8 x Hps 0.66 C [t
156,09 201000 1.8 x 10" 0.72 Coly
P 1218.67 20 000 1.8x 107 0.78 Cony
64y
peap 1222.64 20 000 18X 107 070 C i
ST 429,69 20 000 8% 1o .68 ¢
G Ap =370 DR W] 280617 20 000 1.8 = 1 0.32 C |11
(17TUV) I
|
10, 3pidp =3p 10 N as | =D 3946.10 | 20000 §.8 - b | \ .00 o
(105 392570 20000 CENTIE ! [Taps ool
PLBd =GPy 3046.08 20 (00 T 0 o
3066.8¢ 20000 T i o i ' i
12 4D=1104/]3] 827 20000 } 8 o ‘ oo Y
2744.80 20000 1.8 x 1047 018 i Lo P
! I
e D=0 D2 ] YRR 20000 L8 (o7 0.1 oo
I 2769.75 | 20000 Lgx 10 { . .27 i [
b i ' i
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286 N. KONJEVIC AND W. L. WIESE

Numerical results for Ar 11— Continued

Transition array Multiplet | Wavelength | Temperature Electron Wl A)| Wl we dm(A) dafdw | Acc. | Ref.
(No.) A (K) density (cm=?)

14, 3d'"P-('D)4f[2]° CTl 293148 20000 1.8 101 023 c |y

15. 3d'2P-('D)4f[1]° 2960.26 20 000 1.8 X 1077 0.12 C {[11]

(*) Theory predicts opposite sign.

Arm
Ground State 1522522p*3523p43P,
Ionization Potential 40.74eV = 328600 cm™!
In the only experimental investigation [1] of Arin References

Stark widths, comparisons are made with the semiclas-
i alculati . - .
sical calculations by Cooper and Oertel [2] The agree [1] Platisa, M., Popovic, M., Dimitrijevic, M., and Konjevic, N., Z.

ment with the hyperbolic path approximation is fairly Naturforsch. 30a, 212 (1975).
satisfactory. [2] Cooper, I., and Oertel, G. N., Phys. Rev. 180, 286 (1969).

Key data on experiments

Method of measurement
Ref. Plasma source Remarks
Electron density Temperature
11 Low pressure pulsed arc Laser interferometry at Boltzmann plot of Ar11line
6328 A intensities

Numerical results for Arm -

I
Transition array Multiplet Wavelength | Temperature | Electron density | wm(A) | wm/wem du(A) | dunldw | Acc.| Ref.
(No.) A (K) (em~3)
1. 3d*3d'-3p3(*P°)4p’!| sP°-3P 3391.8 21100 4.4x10% 0.058 (o 1
(6) )
2. 3p*4s—3p3(1S°)4p 58°—5P 3285.8 21 100-23080| (4.4-8.0) x10'¢ | 0.064— C+ 11
(4] 0.082 i ;
3301.9 21100-23080 (4.4-8.0) x 106 0.061~ . C+ 1]
0.077 : ‘
; i
3. 3p¥s'=3p3eD°Mp’ | 3D°-3D 3480.6 | 21100-23080( (4.4-8.0) X 10% | 0.008 i clm
(2) oaRt . i
I |
3D °3F 3336.1 | 21100-23080 | (4.4-8.0) ~ 0% | 1on: c i
(3) [ENTTI R

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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Ar Iv

Ground State
Tonization Potential

In the only experimental investigation [1] of Ar 1v
Stark widths, comparisons are made with the semiclas-
sical calculations by Cooper and Oertel [2]. The agree-
ment with the hyperbolic path approximation is fairly
satisfactory.

1522522p®3523p® 5%z
59.81 eV =482400 cm™!
References
{1] Platisa, M., Popovic,- M., Dimitrijevic, M., and Konjevic, N., Z.

Naturforsch. 30a, 212 (1975).
[2] Cooper, ]., and Oertel, G. N., Phys. Rev. 180, 286 (1969).

Key data on Expetiments

Method of measurement
Ref. Plasma source Electron density Temperature Remarks
(1]
Low-pressure pulsed arc Laser interferometry at | Boltzmann plot of Ar 11 line
6328 A intensities
Numerical results for Ar 1v
Transition array Multiplet | Wavelength | Temperature | Electron Density wm(A) | wafwn | dn(R)| dwdm | Acc. | Ref.
(No.) A (K) (cm—3)
1. 3p%4s-3p2(3P)4p P—D° 2809.4 20750-22200 | (3.8-5.6) X 10'¢ | 0.023-0.033 C 1]
4 uv)
4PsP° 2640.3 20750-22200 | (3.8-5.6) X 10 | 0.021-0.031 C {13
(5UV)

6.3.

Barium

Ground State
Ionization Potential

A fairly large number of experimental data is available
for this ion, and strong discrepancies are encountered
between the results of refs. [1] and [3]. Self-absorption
effects may be partly to blame for this, since the tests
of optical depth carried out for the inhomogeneous
plasma source of ref. [1] appear to be questionable.
Theoretical comparison data have been calculated by
W. W. Jones [4] on the basis of the semiclassical theory
[5, 6]. Ref. [3] supersedes the similar work of ref. {7].

1522522 p83523 p83 d1%4524pS4d195525p56s %Sz

10.004 eV = 80686.87 cm—!

References

[1] Jaeger, H., Z. Phys. 223, 19 (1969).

{2] Puric, J., and Konjevic, N., Z. Phys. 249, 440 (1972).

[3] Hadziomerspahic, D., Platisa, M., Konjevic, N., and Popovic, M.,
Z. Phys. 262, 169 (1973).

[4] Jones, W. W., private communication (1975).

[5] Jones, W. W., Benett, S. M., and Griem, H. R., Tech. Report No.
71-128, University of Maryland, College Park, Md. (1971).

[6] Griem, H. R., Spectral Line Broadening by Plasmas, Academic
Press, New York (1974).

[?] Platisa, M., Puric, J., Konjevic, N., and Labat, J., Astron. Astro-
phys. 15, 325 (1971).
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Key data on experiments
Method of measurement
Ref. Plasma source Remarks

Electron density

Temperature

[1] | Discharge sliding along the Hp Stark width

surface of liquid jet

Boltzmann plot of Ba 11 line

Photographic technique; self-
absorption checks on
indirectly derived (Abel
inverted) data

intensities

[2] | T-tube Laser interferometry Boltzmann plot of Ar 11 line Shift measurements only.
a1 6328 & intensities
[3] | Z-pinch Laser interferometry Boltzmann plot of Ar 11line
a1 6328 A iritensities
Numerical results for Ra 11
Transition array Multiplet Wavelength | Temperature | Electron density | wn(A) | wolww | dm(A) dnfdy, | Acc. |Ref.
(No.) A (X) {em~)

1. 5d-('S)6p 2D-2pe 6141.7 13 200 1.0X 107 1.58 2.19 p |
(2) 16 800 1.0x 107 0.07 *) - C 2]

27100 1.0-x 1077 0.28 0.45 C! [3]

31700 1.0x 107 0.28 0.46 C+ 3]

6496.9 16 800 1.0X 107 0.07 *) C {2]

27100 1.0%x 10" 0.28 0.45 0.05 *) c | (3]

31 700 1.0 X 107 0.28 0.46 C* [3]

5853.7 - 13 200 1.0x 10'7 1.32 1.83 | D [1]

2. 65-('S)6p 2§_2pe: 4554.0 13200 1.0% 10 0.80 1.81 D |
(1 16 800 1.0 x 107 —0.06 0.36 C [2]

27100 1.0 x 107 0.26 0.67 C [3]

31700 1.0x 107 0.24 0.62 —0.07 0.48 C* [{3]
4934.1 13 200 1.0Xx 107 0.94 2.12 | D [l]

16 800 1.0x 10%7 -006 | 036 | C |[2]

27100 1.0x10Y7 0.24 0.62 C+ [3]

3. 6p-(’S)6d 2P°-2p 4130.6 13200 1.0Xx 107 1.24 0.90 D [1]
(4) 4166.0 13 200 1.0 X 107 1.26 0.91 D []]

3891.8 16 800 1.0 x 10'7 0.26 0.39 Ct [2]

- 31700 . 1.0 X 10" 0.28 0.33 0.57 C+ [31

4. 6p-(*S)7s 2P°2§ 4899.9 13 200 1.0 X 1017 1.48 D 1]
(3) 4524.9 13200 1.0 X 1077 1.28 D [1]

*Theory predicts opposite sign.
6.4. Beryllium
Be 1l
Ground State 15225 %S

Ionization Potential

The three selected experimental papers deal with
investigations of the broadening and shift of the reson-
ance doublet [1-3]. The mutual agreement of the data
for these two very narrow lines (< 0.1 A in the reported
range of electron densities) is well within the limits of
claimed experimental error. The line profiles are most
precisely measured by the authors of ref. [3], who

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976

18.211 eV = 146882.86 ¢m !

employ a scanning Fabry-’erot interferometer. There-
fore these resulis considered  slightly more
accurate than the others. However, no check for self-

may he

absorption cflects i~ noted in this paper and figure 2
of ref. 3] indicares o devianion in the doublet intensity
ratio which man L due 1o the presence of some self-
absorption.
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References Z. Phys. 262, 169 (1973).
1] Puric, J., and Konjevic, N., Z. Phys. 249, 440 (1972). ) [3] Sanchez, A., Blaha, M., and Jones, W. W., Phys. Rev. A8, 774
12] Hadziomerspahic, D.; Platisa, M., Konjevic, N., and Popovic, M., (1973).

Key data on experiments

Method of measurement
Ref. Plasma Source - Remarks
Electron density Temperature

[1] | T-tube Laser interferometry - Boltzmann plot of Ar 11line Shift measurements only.
a1 6328 A _ intensities

[2] | Z-pinch Laser interferometry at Boltzmann plot of Ar 11 line
at 6328 A - intensities

~ [3] | T-tube | Hel3889 A Stark Ratio of intensity of He1 5016 to No self-absorption check
| width continuum reported.

Numerical results for Be 1l

Transition array Multiplet | Wavelength | Temperature | Electron density| wm(A) | wmfwm dn(A) | duldy 1 Acc.| Ref.
(No.) A (K) (cm™3)
1. 25-2p 28~2p° 3130.4 16 800 1.0 x 1007 —0.03 0.80 C 1))
%)) . 34800 10%107 | 0.04 057 | —004 | 141 | €)@
19000 ’ 1.0x 107 ¢ 0.070 0.82 C+ {3]
3131.1 ' 16 800 1.0x 10" —0.03 0.80 C 1}
34 800 1.0 %107 0.06 0.86 | —0.03 1.03 C | 2
19 000 1.0x10'7 0.070 0.82 C+| 3]

6.5. Cadmium

Cdn
Ground State 15225%2p®3523p83d" %4524 p®4d 55 S,
Ionization Potential 16.908 eV =136374.74 cm™!
Only one experimental paper is available on the in- check of it is reported.

vestigation of the broadening of single ionized cadmium
lines [1]. Considering the high-density conditions and
rather large dimensions of the employed pulsed dis-
charge, self-abserption could be significant, but no [1] Kusch, H. I, and Oberschelp, E., Z. Astrophys. 67, 85 (1967).

References

Key data on experiments

Method of measurement
Ref. Plasma source T Remarks
Electron density Temperature
n Pulsed discharge H;y Stark width Plasma composition data Photographie technique: no
self-absarption check reported.

J. Phyc. Chom. Rof. Datar, Vol. 5, Na' 2, 1076
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Numerical results for Cd 11

Transition array Multiplet | Wavelength | Temperature | Electron density wa(A) Wonf Wy dn(A) dulde Acc. | Ref.
{No.) i (K) . (cm~%)
1. 4d5s—4d('S)5p 2§-2p° 2265.0 11100 1.0x 107 1.93 D {1}
0}
2. 4d5p—4d('S)5s 2pe-2p 3250.3 - 11100 1.0 %107 0.53 D 1]
3. 4d5p—4d(1S)6s 2pe_z 2572.9 . 11100 1.0X 1017 0.48 D |
(6)
4. 4d5p~4d(’S)5d 2pe-2p 2312.8 11 100 1.0 x 107 0.53 D 1}
(7 2321.1 11 100 1.0 X 1017 0.50 D! m
. 2194.6 11 100 1.0 X 1047 0.88 D [1]
5. 4d5d-4d('S)4f ZD--2F° 5378.1 11 100 1.0x 107 ° 5.77 D [1]
5337.5 | 11 100 1.0 X 107 4.40 D 1
6.6. Calcium
Call
Ground State 1522522p53523p®4s 2S12
Ionization Potential 11.871 eV=195751.87 cm-!
A large number of experimental papers deal with the References
broadening of singly ionized calcium lines from which 11 " v, ML P
have been selected[1-11}. Many of them are devoted to 1] Yamamoto, M., Phys. Rev. 146, 137 (1966).
hve. tigati f[ h ] .. y] el.eV Iti [2] Roberts, . R., and Eckerle, K. L., Phys. Rev. 159, 104 (1967).
the mvestiga 101‘{ of the p‘rmcu.)a r(:zsonance lI.leS. tis [3] Chapelle, J., and Sahal-Brechot, S., Astron. Astrophys. 6, 415
seen that large discrepancies still exist. A graphical com- (1970).
parison of the data is presented in figure 11 of the general {4] Kusch, H. }., and Pritschow, H. P., Astron. Astrophys. 4, 31
discussion. 1970).
The very large width values (normalized to N, = 1017 [5] Hildum, ]. S., and Cooper, J., Phys. Lett. A36, 153 (1971).
_3 . . . [6] Jones, W. W., Sanchez, A., Greig, J. R., and Griem, H. R., Phys.
cm~3) of ref. [4] may be traced to the special diagnostic Rev. A5, 2318 (1972)
. . . s .
method applied by these authors. The electron density [7] Pauric, J., and Konjevic, N., Z. Phys. 249, 440 (1972),
determination is based on a Siark width for the C1 18] Roberts, D. E., and Barnard, A. J., JQ.S.R.T. 12, 1205 (1972).
2478 A line’ which had been determined earlier by one of {9] Hadziomerspahic, D:, Platisa, M., Konjevic, N., and Popovic, M.,
the authors experimentally and which is apparently o] th Ph])}vs.26§,]\}69 (}119';]3)* A A W
wrong, disagreeing with fairly reliable theoretical data 1] B:ur"'J PL’ 2: d C;;:e; JAtJ(;be S;:E‘i'sh:‘;mp ys- 28, 159 (1973).
by a factor of 6. A likely cause of the disagreement is 12] Konjevic, N., and Roberts, J. R., to be published in J. Chem. Phys.

self-absorption effects, according to a recent review[12].

Ref. Data.

Key data on experiments

Method of measurement
Ref. Plasma source Remarks
Electron density Temperature
[11 | Plasma jet H; Stark width Absolute intensity of Hy Side on oliservations; in-
homopencity of plasma only
;n|.pm\n||.|h'|y taken into
seennnt
[2] | T-tube Hi Siark width Estimated from previous N Doppler carrection
experiment o veponted.
. I
[3] |[Plasma jet Plasma composition data | Absolute intensity ol tecombnig
continuum and Bremwnabihiong
coefficient at 4000 A |

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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Key data on experiments — Continued

291

Method of measurement
Ref. Plasma source Remarks
Electron density Temperature
[4] | Pulsed capillary discharge Stark width of C1 Relative intensities of Mg 11 lines No self-absorption check
- 2478 A reported; photographic
technique.
{5] | Parallel-rail shock-tube Michelson interferometer | Relative intensities of Ar 11 No corrections for Doppler
iluminated at 6328 A lines and instrumental broadening
reported.
[6] |T-tube Stark widthi of He1 3889 A | Ratio of intensities of He 1 5015.7:4 | No self-absorption check
: line to continuum reported.
[71 |T-tube Laser interferometry at Boltzmann plot of Ar11 line 1Shift measurements only.
6328 A intensities
[8] |{Low pressure pulsed arc Laser interferometry at Relative intensities of Ar 11 lines Data are only given
6328 A graphically.
[91 |Z-pinch Laser interferometry at Boltzmann plot of Arn1 line
6328 A intensities
[10] |Gas-stabilized arc Shift of Ar1 4159 A line; " Absolute intensity of Ar1 4159 A
plasma composition line and intensity
data; absolute intensity ratio of Ca1/Ca 11 lines
of continuum
[11] |Gas driven shock tube Laser interferometry at Line reversal technique
6328 A and 1.15 pm;
Stark width of H,
Numerical results for Canl
Transition Multiplet | Wavelenath Temperature | Electron density wa(A) Walon | dm(R) duldm Acc. | Ref.
array (No.) A &) (em~?)
1. 3d-4p 2D--2Pp° 12 000 6.9 x 106 0.23 0.26 { B | [3]
2)
2. 4s—4p 28-2p° 11 400-11 600 | (4.0-6.4) X 10'® | 0.039-0.079| 0.33-0.43 [0.0046~ |0.09-0.19 | D 1]
1) 0.0155
’ 30 000 2.35x 10" 0.24 0.47 « 121
12-000 7.6 x 10 0.15 0.7 B 13]
17 500 1.0 X 10 100 | 395 b 4
19 000 1.0x107 0.172 0.69 R 16)
14 200 1.0i% 1077 —0.09 0.7 ¢l m
16 000-28 000 1.0 X 107 0.16-0.25 | 0.62-1.07|(—0.01)—{0.09—0.35{ C | 8]
{—0.04)
25 100-29 200 1.0 x 10" 0.22-0.18*| 0.92-0.78] (—0.06)- |0.60-0.52] C | [9]
(—0.05)
17500 1.0X 108 10.3 4.07 D [4]
18 560 1.0-x 107 0.188 0.75 B [51
14 200 1.0°x 10" =009 0.7} Cim
16 00028 000 1.0 x 10" 0.16-0.25 | 0.62-1.07{(—0.01)~ {0.09-0.35| C | (8]
(—0.04)
25100 1.0x 1017 0.20* 0.84 —0.06 |0.60 C |19
29200 1.0 107 . —0.06 {0.62 c {9
7 500 1.0 X 107 0.174 0.53 B 1)
3. 4p—5s zpe-2§ 17 500 1.0x 1018 13.7 2.24 3.3 1.03 b 14]
(3) 14 200 1.0Xx 101 0.17 {0.50 c 7]
25100 1.0x 107 0.17 |0.57 ct | m
10000 1.0 X 1007 0.70 1.01 0.238 10.65 C [10}

J. Phys.

Chem. Ref. Data, Vol. 5, No. 2, 1976



292

N. KONJEVIC AND W. L. WIESE

Numerical results for Ca 11 - Continued

Transition Multiplet | Wavelength Temperature | Electron density ‘W(A) wwe | dm(R) dn/d Acc. | Ref.
array (No.) A (K {em=3) -
3736.9 7500 1.0% 101 18.2 2.98 4.16 3 | v | 4
14 200 1.0:x 10*7 0.18 0.53 cr | M
25100 1.0 X 10V 0.30* 0.53 0.16 0.53 C+ 9}
'10 000 1.0x 107 0.69 1.00 0.186 0.51 C [10]
4. 4p—4d 1pe2] 3158.9 14200 1.0x 10% 0.18 0.73 c | m
(4) 25 100-29 200 1.0 X 10" 0.32— 0.74— 0.15- 0.70- C+ [9]
: 0.30% 0.7 0.15 0.72 :
*Accuracies of the Stark widths are B.
6.7. Carbon
cnu
Ground State 15%2522p 2P%y),

lonization Potential

Two experiments on C11 Stark broadening parameters
are selected [1, 2], which have both been performed with
pulsed plasma sources. Most of the results are estimated
to be of low accuracy so that new experiments are very
desirable.

One might also mention the experiment by Fortna
ct al. [3] on the resonance lines, performed with a
T-type electromagnetically driven shock tube.- This

work had to be done under. conditions where the line

centers are optically thick. Thus only an indirect de-
termination of the line widths could be obtained by

24.383 eV = 196664.7 cm !

computing profiles of various Stark widths and using the
equation of radiative transfer to achieve the best fit
with the observed profiles. The best agreement was
obtained with a width which corresponded exactly to
that computed from theory.

References

[11 Kusch, H. J., Z. Astrophys. 67, 64 (1967).

[2] Roberts, ). R., and Eckerle, K. L., Phys, Rev. 159, 104 (1967).

[3] Fortna, J. D. E., Elton, R. C., and Griem, H. R., Phys. Rev. A2,
1150 (1970).

Key data on experiments

Ref.

Plasma source

Method of measurement

Electron density

Remarks
Temperature

[1] | Pulsed discharge Hp Stark width

2

T-tube Stark width of Het 3889 A

Plasma composition

Fetimated fram comparison with

Photographic technique; no self-
absorption check reported.

previous experiment

Numerical results for C11

7 o
Transition array Muitiplet | Wavelength i Temperature | Electron density wm(A) W/ Wi dm(}.) dw/dn | Acc. Ref.
(No.) A l K) (em-3)
1. 2s2p2-92pt 2p_2pe 2509.1 12 800 1.0¢ 10" 0.34 D [
(14 UV) 2511.7 12 800 1.0x 107 0.34 D 1]
2512.0 12 800 1.0 x 10% 0.34 D 1]
2. 9s9p2-925218)3p | 28m2P° 2836.7 12 800 1.0 %107 1.07 6.200 D 1]
a3 uv) 2837.6 12 800 1.0 10" 1.07 6.28 D (1]
3. 3p-('SMs 2pe-2§ 3920.7 12 800 1.0x 1077 0.82 0.74 b 1]
(4) 30 000 (1.4-1.5) X107 | 1.44-1.52 1,11 108 c
3919.0 12 800 1.0x 10" 0.82 0 D
4. 3p—('S)ad 2pe-2] 2746.5 12 800 1.0x 107 1.4 e D 1
(15 Uw 2747 3 12 800 1.0 1017 I I D 13
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Numerical results foy'C 11 — Continued
Transition array Multiplet | Wavelength | Temperature Eleclroln density wm(A) Wty | dm(A)| duwldym | Acc.| Ref.

(No.) K) tem~%)
5. 3d-(1S)4f 2P-2f° 426%.2 12 800 1.0 x 107 2.20 1.18 D i
(6) 4267.0 12 000-13 500 | (0.5-4.0) X 10** 1.1-8.7 | 1.14-1.18 D 111
6. 2s2p3d-2s2p (3PS | AD°—F 4074.5 12 800 1.0 x 1017 2.11 D {1}
(36) 4074.9 12 800 1.0x 107 2.11 D 11}
4076.0 12 800 1.0x 107 2.11 D'| M
7. 3d-('S)5p 2p-—2p° 3361.1 30 000 (1.4-1.5) X 107 | 1.76-2.52] 0.68-0.90 C 2]

(7)
8. 3d-('S)5f 2p-2 2992.6 12 800 1.0x 10" 4.01 0.95 D1
(8) 30 000 (1.4-1.5) X 107" | 7.58-7.34 1.54—1.4ﬂ C |
cm
Ground State 15225218,

{onization Potential

There is no overlap between the experimental data
of Kusch[1] and Bogen[2], and no semiclassical calcula-

tions exist for comparison. Bogen has compared his

data with the semiempirical Gaunt-factor approximation
[3] and finds good agreement for transitions to principal
quantum numbers n=4 and 5, but discrepancies by

Key data on experiments

47.887 eV = 386241.0 cm ™!

factors of 2 and more for the transitions within the
n=3 shell.

References

1] Kusch, N. J., Z. Astrophys. 67, 64 (1967).
|2} Bogen, P., Z. Naturforschg 27A, 210 (1972).
[3] Griem, H. R., Phys. Rev. 165, 258 (1968).

Method of measurement
Ref. Plasma source . Remarks
Electron density Temperature

1] Pulsed discharge Stark width of Hp Plasma composition data Photographic  technique; no
check for  self-absorption

reported.
21 Theta-pinch Stark width of He 113203 A | Absolute line intensities and Fowler- | No corrections for instrumental
: Milne method and Doppler  broadening

reported.

Numerical results for €111

Transition array Muhiplet Wavelength | Temperature | Electron density Wil AV i, ]' A CA) | gy T Aces el
(No.) A (K) (em-3) i |
1. 2s2p~2p* 1pe-1p 2296.9 12 800 1.0x10% 0.34 )] ‘ 1
8 UV)
2. 253s-2s5(28)3p 3§-ape 4647.4 &0 000 4x 1017 0.95 = D ! 12]
m i |
3. 2s3p—2s(®S)3d 1pe-1D - 5696.0 60 000 4% 10% 1.9 C 112
2)
4. 2s3p-2s(®S)4d 1Pe-1D 1531.8 60 000 4% 107 0.43 | D [{2]
5. 2s3d-2s(*S)4f 1D-1F° 2162.9 60 000 4 X107 0.46 D |[2]
6. 2s4p—2s(2S)5d 3peap i 3609.3 60 000 4 X107 6.2 C |12
(10) . ;
7. 254f-25(3S)58 1Fe-1G 4187.0 60 000 4x 107 4.1 P C 2]
18
(8) | = aa i
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Civ
Ground State
Ionization Potential

The data obtained by Bogen [1] with a theta-pinch are
the only available source. No semiclassical calculations
exist for comparison, but good agreement is obtained
with the semiempirical Gaunt-factor approximation [2].

N. KONJEVIC AND W. L. WIESE

15225 28 1/2
64.492 eV =520178.4 cm~?

References

1] Bogen, P., Z. Naturforsch. 27a, 210 (1972).
{2] Griem, H. R., Phys. Rev. 165, 258 (1968).

Key data on experiments

Method of measurement

Ref. Plasma source Remarks
) Electron density Temperature
1] Theta pinch Stark width of He 13203 A | Absolute line intensities and No corrections for instrumental
Fowler-Milre method and Doppler broadening
reported.
, Numerical results for C 1v
Transition array Multiplct anc]cng!}l Temperature Electron density wm(;\) wmfwn -1 dm(/‘) dmldn Acc. | Ref.
(No.) K) (em~2)
1. 2s-2p 2§-2p° 1548.2 60 000 4 X 10% 0.024 D 11
auv) 15508 60000 4 x 1017 0.024 D [1]
2. 3s-3p 2§-2p° 5801.5 60 000 4 X107 1.6 c i
i 1) 5818.1 60000 4x 107 1.6 C [
6.8. Chlorine
Cin
‘Ground State 1522522p63523p* 3P,

Tonization Potential

A large number of Stark broadening data for singly
ionized chlorine lines were obtained with an electro-
magnetically driven T-tube [1], from low-pressure pulsed
arc experiments [2, 3] and with a gas driven shock tube
[4]. The good agreement between the sets of experi-
mental data from [1] and [2, 3] is quite encouraging
since they were obtained in different plasma sources
where the electron densities differed by almost an order
of magnitude.

Unfortunately, mainly due to the incompleteness of
atomic energy level data for Clu, there are only few

23.81 eV =192070 cmm—*

theoretical data 5] to compare with these experiments.

References

[1] Konjevic. N.. Radivojevic. D.. Cirkovic, Lj.. and Labat. J.. ]J.
Phys. B3, 1742 (1970).

{2] Konjevic, N., Platisa, M., and Puric, I., ]. Phys. B4, 1541 (1971).

[3] Puric, J., Konjevic, N., Platisa, M., and Labat, J., Phys. Lett.
A37, 425 (1971).

{4] Bengtson, R. D., Maryland University Tech. Note BN-559 (1968).

(5] Griem, H. R., Spectral Line Broadening by Plasmas, Academic
Press, New York (1974) p. 21).

Key data on experiments

Method of measurement
Ref. Plasma source | Hemarks
Electron density Temperature |
1] T-tube Laser interferometry at | Boltzmann plot of intensities ol €111 |
6328 A and 1.15 pm lines
[2, 3] Low pressure pulsed arc Laser interferometry at| Bolizmann plot of intennsties ol €14
6328 A lines
[4] Gas driven shock tube Hp Stark width; plasma | Ahsolote inteneity of No b 21852 i i Photopraphic  technique;  low
composition data line veversal vshinpe 1o v o apectral resolution (2 and4A).
- \ teabantenany
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Numerical results fot Cl 11

Mulii- Wave- | Temperature | Electron density
Transition array plet length (K) {(cm-3) wn(R) | wofwe | do(R) | delde | Acc. Ref.
(No.) A
1. 3p33d- spe-sp 5443.4 18 600 6.8 X101 0.33 1.09 B [{2]
3p*(45°)4p 2)
2. 3p33d'’- 1Pe-1D 4943.2 | 14 500-18 600 | (5.0 —6.8) X 10¢ [0.19-0.26 B [2]
3p3(2P°)p"’ A7) 18 600 6.8 X101 0.05 [olmbit|
1pe-1p 4740.4 | 14 500~18 600 | (5.0 —6.8) X 10 {0.33-0.45 B 2]
(51) 18 600 6.8 x10% 0.00 3]
3. 3p3ds— 5§°sp 4810.1 | 13 300-17 800 { (2.64-4.27) X 1077 |1.21-1.71 1.00-0.92 C 199]
3p3(4S°)4p 1) 18 600 6.8 Xx10ts 0.26 0.88 0.00 (*) B 12], 131
11 500 1.0 X107 | 0.90 1.87 D M
4819.5 | 13 300—-17 800 (2.64-4.27) X 1017 {1.16—1.79|0.95-0.97 C {1]
‘ 18 600 6.8 x1018| 0.27 0.93 0.00 *) B |,
4794.5 | 13 300-17 8004 (2.64~4.27) X 1017 [ 1.16-1.71 | 0.92-0.98 C il
18 600 6.8 x10€| 0.29 0.98 0.00 (*) B |[21,3]
11 500 1.0 X107 0.81 1.69 D {4l
as:s—;P 5221.3 18 600 6.8 x101| 0.31 0.83 0.00 =) | B. |2, 3]
4. 3p34s’—- 3D°-=D 5078.2 | 14 700—17 800 | (3.72-4.27) X 1017 {2.16~3.39 C 1]
3p2(2D°)4p’ (16) ! 1 14 500-18 600 (5.0 —6.8) x 1016 |0.28-9.34 B {2
: 18 600 ’ 6.8 X1yt 0.00 {3]
3D°-3F 4896.8 | 13 300-17 800! (2.64-4.27) X 107 |1.32-2.05 C {1}
17) 14 50018 600| (5.0 —6.8) x 10 |0.25-0.31 B {2}
' 18 600 6.8 Xx10% 1 0.08 c 31
4917.7 | 14 700-17 800} (3.72-4.27) X 10'7 | 1.93-2.14 C [l
18 60U 6.8 X101 —0.10 C+ 3]
4904.8 | 14 700-17 800| (3.72-4.27) X 1017|1.86-2.14 C 1]
18 600 6.8 X101 —0.12 C+ [[3]
sp°-3p 4291.8 | 14 500~-18 600) (5.0 —6.8) X 10 {0.22-0.26 B 21
(19) i 18 600 6.8 X106 0.08 C 3}
i 4304.1 | 14 50018 600| (5.0 —6.8) X< 10 |0.21-0.26 B [21
! 18 600 6.8 %X101) . 0.12 C+ {13]
4336.3 | 14500 18 600| (5.0 6.8) x10*¢|0.22 0.24 B |21
: 18 600 6.8 x101 0.09 c |3}
4343.6 | 14 500—-18 600| (5.0 —6.8) x10%!0.23-0.26 B 12}
18 600 6.8 X101 (.08 < 113)
1D*-1D 4132.5 18 600 6.8 X110 0.30 0.08 B[)12].13]
(29)
5. 3p%4s’'- P3D | 4785.4 | 14500-18 600 (5.0 -6.8 ) x 101 [0.21-0.24 TR
3p* (*P°)4p"’ (40) 18600 6.8 X101 0.00 14
4768.7 | 14 500-18 600| (5.0 -6.8 ) X 10" |0.21-0.24 i : B2
18 600 6.8 X101 0.00 13
47729 | 14 500-18 600] (5.0 _—6.8 ) X 1016 0,18 0.22 B 12]
18 600 : 6.8 X106 0.05 [ 131
6. 3p*4s’'-3pi4s P3P | 4490.0 | 14 500-18 600 (5.0 -6.8 ) X 10" |0.33-0.44 B |2
41) 18 600 6.8 X101 0.06 c |8l
4504.3 | 14 500-18 600| (5.0 -6.8 ) x 1016 |0.30-0.39 . B 121
- 18600 . 6.8 X101 0.10 Cc+ | 3l
4536.8 18 600 6.8 X100 | 0.42 B |2
7. 3p34p—- 3p-spe 5285.5 18 600 6.8 X101 0.30 0.10 B 12],{3]
3p3(*D°)3d’ (32)
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Numerical results for Cl 11— Continued

== B
Multi- Wave- 1 Temperature | Electron density
Transition array plet length X) (cm=3) wal(A) 1 wnfwn dn(A) | duidy | Ace. Ref.
(No.) A
P
3p-3ap° 5173.1 18 600 6.8 x1016 0,31 0.04 B 121, 13)
(33) ‘
8. 3p3dp'- 3F-3F° 3913.9 14 500—!8 600 (5.0-6.8)x10% | 0.27-0.35 B 2}
3p3(*D°)4d’ (68) 18 600 6.8 X101 0.14 c+ {3
3916.7 | 14 500~18 600( (5.0-6.8 ) x 10%5 | 0.27~0.34 B 121
18 600 6.8 x10% 019 |- c+ | @
3917.6 18 600 6.8 X101 0.34 0.19 B 121,13}
SF-3Ge 3820.2 14 500-18 600} (5.0-6.8 ) X105 | 0.28-0.31 B 2]
(69) 18 600 6.8 xIosi | 0.13 C+ ( 31
3827.2 14 500-18 600| (5.0-6.8 ) x10'% | 0.26-0.31 B [2]
18 600 6.8 x10 0.07 c 3]
3833.4 14 500-18 600] (5.0-6.8 ) x 10'¢ | 0.28-0.34 . B 2]
18600 6.8 X101 0.12 C+ 131
9. 3p*4p- sp-s8° 4241.4 14 500-18 600 (5.0 -6.8 ) x 10'8| 0.29-0.35 B 21
3p3(48°)5s (24) 18 600 6.8 Xx10% 0.14 C+ 3]
4253.5 1 14 500-18 600} (5.0-6.8 ) x 1016 | 0.32~0.37 B 2]
10. 3pddp'— 3P-3D° 4147.1 14 500—~18 600 (5.0-6.8 ) x 10| 0.33-0.45 B 12]
3p*(?P°)5s’ {60) 18 600 6.8 X0 {017 C+ {3}
SF-3D° | 4270.6 .18 600 6.8 x10® 0.39 0.19 C+ [21,{3]
(66) 4276.5 14 500~18 600} (5.0-6.8 ) x10¢| 0.32-0.33 B {21
18 600 6.8 X101 0.17 l C+ {31
. i)

(*) Theory predicts negative shift.
(**¥) Accuracy estimate applies to width only.

6.9. Germanium

Gell
Ground State _ 15%2522p*®35*3pe3d"4s%4p °P;),
Tonization Potential 15.934 eV =128521.3 cm—?
The only available data are from a recent experiment perturbing atomic levels appear to be a rather likely
with a gas-driven shock tube [1]. For the strong dis- cause.

agreement between theory and experiment on the
multiplet 552S-5p 2P several possible explanations have
been advanced. Wrong energy assignments for the [1) Jones, W. W_, and Miller, M. H., Phys. Rev. ATO, 1803 (1974).

References

Key data on experiments

Method of measurement
Ref. Plasma source - Remarks
Electron density Temperatin e
fi} Gas-driven-shock tube Hp Stark width Absolute intenmty of Net w3 A Phosggraphic technique.
fine and Moo e geverzanl tech
nigue apphied b 1
—
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Numerical results foxj Gen
=
Transition array Multiplet | Wavelength | Temperature | Elegtron density | wn(A) | wmlwy | dm(A) | dnfdy | Acc.| Ref.
(No.) A K) {cm-3)

1. 4s255—45%(1S)5p 25-2p° 5893.4 11 000 1.0x 1017 2.61 2.14 B 11
@ 6021.0 11 000 1.0x 107 164 | 1.34 B | M
2. 4s25p—-452(1S)5d 2pe-2p 4815.6 11 000 1.0 %101 3.10 1.02 B n
2) 4741.8 11 000 1.0x 10 2.75 0.91 B [{1]
4824.1 11 000 1.0x 1017 3.10 1.02 B 1]
3. 4s%4d-4s2(1S)4f 2D-2F° 5131.8 11 000 1.0X 107 2.27 0.96 B m
5178.5 11 000 1.0x 1017 2.42 1.04 B l
5178.6 11 000 1.0x 1017 2.42 1.04 B 1]

6.10. Magnesium

Mgl
Ground State 1522522p%3s 28y,

Ionization Potential

Five different plasma sources were used for the
investigation of broadening parameters of Mg 11 lines:
a plasma jet [1], electromagnetically driven T-tubes
[2, 3], a low-pressure pulsed arc [4], a stabilized arc [5)
and a Z-pinch [6]. With the exception of the result for
the width of the resonance line 2801.7 A reported in
ref. 4. the agreement among the experiments and with
the theory is well within the limits of experimental and
theoretical uncertainty estimates.

15.035 eV =121267.61 cm-!

References

[1] Chapelle, J., and Sahal-Brechot, S., Astron. Astrophys. 6, 415
(1970).

{2] Jones, W. W, Sanchez, A,, Greig, J. R., and Griem, H. R., Phys.
Rev. A5, 2318 (1972).

f3] Puric, J., and Konjevic, N., Z. Phys. 249, 440 (1972).

[4] Roberts, D. E., and Barnard, A. J., J.Q.S.R.T. 12, 1205 (1972).

[5] Helbig, V., and Kusch, H. J., Astron. Astrophys. 20,299 (1972).

[6] Hadziomerspahic, D., Platisa, M., Konjevic, N., and Popovic, M.,
2. PPhys. 262, 169 (1973).

Key data on experiments

Method of measurement

Ref. Plasma source Remarks
Electron density Temperaiure
{11 | Plasma jet Plasma composition Absolute intensity of Ar continuum | Photographic technique.
data at 4000 A
[2) | T-tube Comparison with analogous | Ratio of intensities of He15015.7 A | No self-absorption check re-
experiment on Ca 11 line to continuum ported.
[8] | T tube Lascr interfcromctry  at | Boltzmann plot of Arm linc inten- | (Shift mcasurements ox‘ﬂy.)
6328 A sities
[4] | Low-pressure pulsed arc Laser interferometry at | Relative intensities of Mg 11 lines
6328 A

Shift of Ary 4158 A line,
absolute intensity of Mg 1
and Mg 11 lines and of
Ar 1 continuum at 3600 A

5]

Gas stabilized high pressure
are

[6] | Z-pinch Laser interferometry at

6328 A

Absolute intensity of Ar 141586 A
line and Mg /Mg 1 line intensities

Photopraphic technique: no self-
absorption check reported.

Boltzmann plot of Ar 11 line intensities
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Numerical results for Mg 11,

Transition Multiplet | Wavelength | Temperature | Electron density wa(A) | wnfwe | dm(A) dpdy | Acc..| Ref.
(No.) A (K) _ (em™d .

1. 3s-3p 2§-2p° 2802.7 12000 9.0 %101 0.11 1.20 C 1]

1 uv) , 18500 1.0 3077 0.088 1.00 c+ | 2]

14 000-21 000 1.0x10¥7 0.050-0.047) 0.51-0.47 |0.05~0.06 |  (*) C 4]

31700-34 800 1.0x10%7 0.08 -0.08 |1.04-1.05 C {6]

2795.5 31700 1.0Xx10%7 0.08 1.04 C {6]

34800 1.0 X 10%7 0.06 0.79 0.01(**) *) C [6]

2. 3p-4s 2pe-2§ 2928.6 16800 1.0x 10 . 0.08 0.56 C 13]

(20V) 10000 1.0x 1077 0.35 1.10 0.06 0.36 C [5]

2936.5 16 800 1.0x 107 0.08 0.56 C 3]

10000 ©1.0x 1017 0.36 1.13 0.08 0.49 C 15]

3. 3d-4f 2D-2F° - 4481.2 12000 1.0x 1077 21 0.82 c+ | {1]

4) 10000 1.0x 1077 213 0.78 0.32 *) C+ | {5}

*Theory predicts negative shift.
** Accuracy of shift data “D”.

6.11. Mercury
Hg n
Ground State 152252263523 p3d1%4s24p®4d194f145525p65d1%6s *S 12
Ionization Potential 18.756 eV = 151280 cm -1

A high-current mercury arc was used as a plasma  tjon checks are discussed. There are no theoretical
source in side-on observations of the Stark width of a data available for comparison.

single mercury line [1]. A rather low accuracy for the

result is indicated. since the line width and electron Reference
density are not measured precisely and neither the
radial inhomogeneity of the source nor any seif-absorp- [1] Murakawa, K., Phys. Rev. 146, 135 (1966).

Key data on experiments

Method of measurement
Ref. Plasma source . Remarks
Electron density Temperature
[1] | High-current mercury arc Inglis-Teller formula Profile of strongly self-absorbed line | No  self-absorption  check  re-
(Gﬁing method) Dm’lle(l. No n"nW.’mm- made for
inhomuageneity of source.

Numerical results for Hgn

Transition array Multiplet | Wavelength | Temperature | Electron density | riA) ! el Ay i dwldy | Acc. | Ref.
(No.) A (K) (em-?)
1. 5d%6s2-5d'9('S)6p :P-zpe 3984.0 6500 2.6 X 105 1 0k e D |
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6.12. Nitrogen
Nn

Ground State
Ionization Potential

Four of the selected experiments on NI lines were
performed in electromagnetically driven T-tubes [1-4]
and one with a low-pressure pulsed are [5). In general,
the results of these experiments agree well with each
other, with the exception of the data from ref. [1]. As
suggested later by one of the authors [6], undetected
inhomogeneities in their T-tube plasma are most
probably the cause of this discrepancy. The electron
densities .in ref. [1] should probably all be multiplied
by about a factor of two [6] which greatly decreases the
degree of the discrepancy with the other experiments.

An additional recent Stark broadening experiment
has been carried out by Fortna et al. |7] on the resonance
lines, also with a T-tube. This work was done under
conditions where the line centers were optically thick.
Thus only an indirect determination of the line widths

1522522p* *P-
29.601 eV = 238750.5 cm —!

could be obtained by computing profiles with various
Stark widths and using the equation of radiative transfer
1o achieve the best fit with the observed profiles. The
best fit was obtained with a width 50 percent greater than
that expected from theory.
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[2] Berg, H. F., Ervens, W., and Furch, B., Z. Phys. 206, 309 (1967).
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[5] Popovic. M., Platisa. M.. and Konjevic. N.. Astron. Astrophys. 41,
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[6) Griem, H. R., Spectral Line Broadening by Plasmas, Academic
Press, New York 1974, p. 204.
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Key data on experiments

Method of measurement
Ref. Plasma source - Remarks
Electron density Temperature
1] | T-tube Stark width of He 13889 A | Plasma composition data and abso- |See intreductory remarks.
' lute intensities of N 11 lines
[2]1 | T-tube Stark width of He 13889 A | Relative intensities of He1 and N 11
lines
31 | T-tube Stark width of He 13889 A | Absolute intensity of N1 4631 A Doppler broadening, not report-
line ed, sometimes significant.
[4] { T-tube Laser interferometry at | Boltzmann plot of N 11 line intensities {No self-absorption check re-
6328 A ported.
[5] | Low-pressure pulsed arc Laser interferometry at | Boltzmann plot of N 11 line intensities
6328 A
Numerical results for N 1z
Transition array | Multiplet | Wavelength | Temperature |Electron density wa(A) | wnww | da(A) | dufdw | Acc. | Ref.
(No.) A K fem=9)
1. 2p3s—-2p(2P°)3p 3pe-3p 4613.9 18 800 6.3 X 1017 0.9 0.41 0.5 0.61 D 1
) 22 000 1.0 x 10+7 .40 118 ¢ 2]
22 800 1.0 X 1017 0.35 1.03 | SR
23150 4.8 % 10 0.16 0 | T 15]
4630.5 22 000 1.0 X 107 0.40 118 ! [ 12§
22 800 1.0 X 1017 0.35 1.03 ! Gl
16 200 3.12 x 1037 0.87 .79 \ « 14]
23150 4.8 X 1018 0.16 0.99 l B 15]
4643.1 22 800 1.0 X 1017 0.35 1.03 ‘ el
4621.1 23150 4.8 X 1016 0.15 0.94 | B 151
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Numerical results for N 11— Continued

DN
Transition array Multiplet Wavelength | Temperature | Electron density wn(A) | wnlwy du(A) | dufdy | Ace. Ref.
(No.) A (K) (em-%) ' |
spe-1D 3955.8 23 150 4.8 X 1078 0.14 B i5]
(6)
1pe-sp 4654.6 16 200 3.12 X 10%7 0.87 C {41
(11)
1pe-1p 3995.0 22 000 1.0 x 1017 0.34 C 2]
(12) . 22 800 1.0 X 1017 0.30 : [0 13]
16 200~18 300 | (3.12-4.84) X 10*7 | 0.87-1.45 C 4]
23 150 4.8 X 1018 0.15 B 51
2. 2p3p-2p(2P°)3d | 1P-sF° 3564.8 16200 3.12 X 1017 0.94 c | {4
(14)
1p—1pe 4447.0 22 000 1.0 x1017- 0.45 C 2]
(15) . 22800 1.0 X10% 0.28 _ c+ | [3)
23150 4.8 x10% 0.15 B | [5]
sp-aD° | 4803.3, 23150 4.8 X101 0.16 0.92 B | [5]
(20)
3p-3pe 5495.7 18800 6.3 x10v7 1.2 0.38 0.5 0.41 D 1]
(29) 22800 1.0, x 107 ¢ 0.58 1.19 C+ 3]
3. 2p3p—2p(2P°)4s 1P—1pe 3006.9 19600 3.3 x107 0.9 0.66 0.6 0.91 D [1]
(18) 18800 6.3 X101 1.65 0.63 1.1 0.86 D {13
: 22800 1.0 X107 0.60 1.45 C [2]
23150 4.8 X101 0.22 1.12 B {5]
|
3p-3pe 3838.4 19600 I 3.3 x107 1.9 0.76 0.9 0.91 D 1]
(30) 22000 | 1.0 x10 0.87 1.14 0.8 28 | C | {2]
22800 1.0 x10v7 1.0 1.32 C+ | {31
|
4. 2p3d-2p(2P°Uf F°o-3G 4041.3 23 150 4.8 X 1016 0.40 ' B (51
(39)
3Fe-1G 4026.1 19 100 1.56 x 101 2.15 —0.1 D 1
(40)
Fe—aG 4552.5 19100 1_.56 X 108 Q.75 - 0.1 D 1]
(58) 19600 3.3 x 1917 ‘1.3 0.15 D 1]
22 000 1.0 X 107 1.79 .0.0* C [2
18 300 4.84 % 1017 2.42 C (4}
1Fe-G 4530.4 19100 1.56 X 1017 25 —0.2 D |
(59) 22 000 1.0 X 1017 2.20 —03 C 2]
22800 1.0 X 1017 2.2 C+ {3]

* Accuracy applies to width only.

Nm

Ground State 1522522p 2%y
Tonization Potential 47448 ¢\ 3H2T704 em -1

The single experimental paper [1] reports measure- Reference
ments of Stark broadening parameters of four N1
lines obtained in a low-pressure pulsed arc. However. {17 Popovie. AL Plaa A\l
there are no theoretical data available for comparison s 190
with the experiment.

s lanpevie . NL Astron. Astrophys. 41,
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Key data on experimentis
Method of measurement
Ref. Plasma source Remarks
Electron density Temperature
[1]1 | Low-pressure pulsed are Lager interferometry at | Boltzmann plot of relative N 11 line
6328 A intensities.
Numerical results for N m
) I - o
Transition array Multiplet Wavelength | Temperature | Electron density win(A) | walwe | dm(A) | dmldi | Acc. | Ref.
(No.) A (K) (cm-3)

1. 3s-(18)3p 2§-2p° 4097.3 24 300 5.5 X 1016 0.096 C+ i

1) t

- ‘ |

2. 3p—('S)3d pe-2p 4634.2 24 300 5.5 X 1016 0.11 PCr

2) '4640.6 24300 5.5 X 1018 0.12 C+ 1 {1
3. 252p3s-2s2p(3P°)3p{ *P°-4D 3367.4 '24 300 5.5 % 1018 0.098 C+|

(5)

6.13 Oxygen
o] ]]
1322.922])3 4S 03,!2

Ground State

Ionization Potential

The data obtained by Platisa et al. [1] with a low-
pressure pulsed arc are the only available source. The
agreement with the semiclassical theory is very satisfac-
tory, and data for different lines within multiplets are
also very consistent.

35.116 eV = 283240 cm 1

Reference

[1] Platisa, M., Popovic, M., and Konjevic, N., 1o be published in

Astron. Astrophys.

Key data on experiments

Method of measurement

Ref. Plasma source Remarks
Electron density Temperature
[11 Low pressure pulsed are Laser interferometry Boltzmann plot of O 11 line
’ at 6328 A intensities.
Numerical results for O 1
e T ! |
Transition array Multiplet Wavelength | Temperawre | Electron density 1w, 0N ] 1 10y, At l doiely, N 1Ket.
(No.) (K) (em=3) [ ! '
1 2P’3S-2p2(5l’)3p 3P -sD° 4649.1 25 900 5.2 X 101 0.12 I .6y ‘ | B4
(1) 4G50.8 25 900 5.2 X101 0.12 Wiz ]} i1
|
AP -4pe 4366.9 25 900 5.2 x 101 0.12 0.93 B 11
2) 4317.1 25 900 5.2 X 10 0.11 0.92 B |11
4p—a§e° 3712.8 25 900 5.2x 10 0.11 1.09 B 11]
(3) 3727.3 25 900 5.2 X101 0.10 1.03 B 1]
2p-2pe 1114.9 25 200 3.2 101 0.14 0.93 B 11}
(5)

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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Numerical results for O 11 — Continued

Transition array Multiplet Wavelength | Temperature | Electron density walA) | wmlwen dn(A) | du/dm | Acc.| Ref..
(No.) A (K) (em-3) ' :
2p—zpe 3973.3 25 900 5.2 X 1018 0.12 B m
(6)
2. 2p*3s'- 2p-2fe 4591.0 . 25.900 5.2 X 101 0.13 B| {1
2p2('D)3p’ (15) 4596.2 25 900 5.2X 106 ©0.13 B {11
P-2p° 4347 .4 - 25 900 5.2 x 1016 0.11 B 11
(16)
2D-2p° 3912.0 25 900 5.2 X 1016 0.12 B {1]
7 :
2go-2p 3390.3 25 900 5.2 101 0.12 B| N
(9) 3377.2 | 25 900 5.2x10% ° 0.12 B 1]
Pe-aF 4075.9 25 900 5.2 X 10 0.12 0.87 B| {1}
(10) ' 4092.9 25 900 5.2 x 10 0.12 0.87 B 1]
4072.1" 25900 5.2 X 1(n¢ 0.12 0.84 B (1]
ape—ap 4153.3 25 900 5.2 X 1016 0.13 0.92 B m
(19) 4132.8 25 900 52X 103 0.13 0.91 B 1]
3. 2p8p'—2p (*D)8d’ | Fo—2G 4165.5 25 900 5.2 % 101 0.10 B| 13
(36)
4. 2p33p-2pP)Ms | D°-4P 31384 | 25900 5.2 X 101 0.18 0.79 Bl 1]
(14)
om
Ground State 1522522p2 3P,
Tonization Potential 54.934 eV =443086 cm—!
The data obtained by Platisa et al. [1] with a low- Reference

pressure pulsed arc are the only source, and no semi-

4 [1] Platisa, M., Popovic, M., and Konjevic, N., to be published in
classical calculations exist for comparison.

Astron. Astrophys.

Key data on experiments

Method of measurement
Ref. Plasma source Remarks
Electron density Temperature
m Low-pressure pulsed arc Laser interferometry at | Boltzmann plot of O 111 line in-
6328 A tensities.
Numerical results for O 111
e ‘
Transition array Multiplet | Wavelength | Temperature | Electron density | wulA) | wulwn | dudh) dufdn | Acc.| Ref.
(No.) A (K) {cm-3) }
- —
1. 2p3s-2p(*P%)3p | P>3D 3754.7 25 900 5.2 X 10% 007 | | c+ |
2) 3759.9 25900 ! 5.2X 10 oo ' i c+|
spesp 3047.1 25 900 5.2 10w ‘ oo | : c | 1]
) . i

J. Phys. Chem. Ref. Data, Vel. 5, No. 2, 1976



STARK WIDTHS AND SHIFTS 303

Numerical results for O 111 — Continued

Transition array Multiplet | Wavelength | Temperature | Electron density wilA) | wmfwn | du(A) | duldm | Acc.| Ref.
(No.) A - (K) (em~3)
2. 2p3p~-2p(2P°)3d 3D-3F° 3261.0 25 900 5.2 X 1016 0.666 C+1 [}
8) 3265.5 25 900 5.2 X101 0.063 C+{ 11
3p-3D° 3715.1 25 900 5.2 X 1016 0.074 C+| 1]
(14)

6.14. Phosphorus
Pi

Ground State 1522522p$3523p2 3P,
Ionization Potential 19.73 eV =159100cm"?

Only one experimental paper deals with the Stark widths derived by Voigt analysis, which is the principal
broadening of singly ionized phosphorus lines [1]. The  reason for the estimated low accuracy of these data.
results are reported normalized to the electron density
- 1.0X 1017 cm-3, although they were taken at densities

between 3 X 10" and 6 X 10'¢ ¢cm-3. It should be noted
that in these measurements the instrumental profile  [1} Miller, M. H., University of Maryland Technical Note BN-550
(=4 A width) was several times wider than the Stark (1968).

References

Key data on experiments

Method of measurement
Ref. Plasma source : Remarks
’ Electron density Temperature
[1]1 | Gas.driven shock tube Hpg Stark width Absolute line intensity of Ne 5852 A | Photographic technique;
line Hg; line reversal technigue low spectral resolution
applied to H, (=4 4).

Numerical results for P 11

Transition array Multiplet Wavelength | Temperature | Electron density | wy(A) | wm/wy | dn(A) | dmldn | Acc. | Ref.
(No.) A K) {cm-3)

1. 3p4s—3p(?P°)4p 3p3p 5425.9 12 000 1.0 X 1077 0.7 0.49 D (1]
5386.9 12 000 1.0 X 1017 0.6 0.42 D |[1]

5499.7 12 000 1.0X 1017 1.0 0.70 D+ |1}

5409.7 12 000 1.0x107 | 0.7 0.49 D |[1]

5316.1 12 000 1.0 X 1077 0.9 0.63 D 1]

3pe3§ 5191.4 : 12 000 1.0 X107 1.9 1.57 C 11

1pe-1D 5253.5 12 000 1.0 X 107 0.8 D 1

2. 3p4p—3p(*P")5s sp—-p- 4943.5 12 000 1.0 X jue 1.9 1.16 (W 11

6.15. Silicon
Sin
Ground State 1s%25%2p53s*3p 215,
lonization Potentizl _ 16.345 ¢V =131838.4 em !

Three different spectroscopic sources and various  Sin lines [1-5].
plasma diagnostic techniques were applied to de- It is interesting to note that according 1o the com-
termine the Stark widths and shifts of some prominent  parisons of compiled data, good mutual agreement of

J. Phys. Chem. Ref. Data, Vol. 5, No. 2, 1976
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experimental results is obtained for the Sin multiplets
1 and 2, but unusually large discrepancies exist with the
theory.

References

[1] Miller, M. H., University of Maryland Technical Note BN—-550

N. KONJEVIC AND W. L. WIESE

2] Konjevic, N.; Puric, J., Cirkovic, L., and Labat, J., J. Phys. B3,
999 (1970).

[31 Chape]lle, ]J., and Czernichowski, A., Acta Phys. Pol. 41,753 (1972).

[4] Puric, J., Djenize, S., Labat, J., and Cirkovic, Lj., Phys. Lett.
45A,97 (1973).

[5] Puric, J., Djenize, S., Labat, J., and Cirkovic, Lj., Z. Phys. 267,

(1968). 71 (1974).
Key data on experiments
- |
Method of measurement
Ref. Plasma source - Remarks
Electron density Temperature
[11 | Gas driven shock tube Hg Stark width Absolute intensities of the Photographic technique; low

Ne 5852 A line and Hg; line
reversal technique applied to Ho

spectral resolution (4 A).

2] T-tube Laser interferometry at Boltzmann plot of Ar 11 line
6328 A and 1.15 um intensities
[3] Plasma jet H, Stark width Plasma composition data
[4-5] | T-tube Laser interferometry at Boltzmann plot of Ar H line
6328 A intensities
Numerical results for Si 11
Transition array Multiplet | Wave- | Temperature| Electron density wm(lo\) W/ dn(A) doldy  {Acc. Ref.
(No.) length A (K) {cm~3)
. 3s3p*-3s2(1S)4p | 2D—2P° | 3856.0 | 8500-9700 |(1.82-2.40) X 101" | 0.73-0.91| 0.33—0.33 ct | @
(D] 8700-16 400 1.0x107 ]0.52-0.60( 0.43—-0.54{ 0.03—0.06 *) C+ [4].45]
3862.6 | 8500-9700 ((1.82-2.40) X 107 {0.76-1.01|0.35-0.36 C+ 2]
8700-16 400 1.0X 107 | 0.44—-0.48{ 0.37-0.51{ 0.03-0.06 *) C+ 41,153
. 3s?4s—3s2(1S)dp 2§-2P° | 6347.1 | 8500-10 000 1.82x107 {244 0.55 C+ 2]
@) 1.0x107 |1.1 0.47 B 131
6371.4 | 8500-10 000 1.82x10'7 [2.34 0.53 C+ 2]
1.0x1017 [1.15 0.49 B (3]
8700f]6 400 1.0x 1017 |1.00-0.82| 0.41-0.40| (—0.12)~ |0.11-0.19]| C+ {41, [5]
(—0.16)
. 3s?4p—3s2(1S)4d 2P~z 5041.0 | 10 000 1.0x 107 |3.0 1.03 C 11
5)
. 3524p—3s2(1S)5s 2pe-2 5979.0 | 10 000. 1.0x 107 |24 0.93 C 1]
“)
. 353p4s—3s3p(3P°4p| sP°—P 5868.4 | 8500 1.82x 1007 }2.18 C+ 2]
@®) '
(*) Theory predicts opposite sign.
Sim
Ground State 1522522p% 352 1S,
lonization Potential 33.492 eV=270139.3 ¢cm~!
The T-tube measurements by Puric et al. {1], whict. References
are the only available source, have been compared with
the semlemplrlcal Gaunt-factor approximation [2] The [1] Purie, 1., Djenize, S.. Labat, )., and Cirkovie, Lj., Z. Phys. 267,

experimental Stark widths are smaller by about 30 per-
cent. No semiclassical calculations are available.
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i K_eyrdata on expernuens

Method of measurement
Ref. - Plasma source : - Remarks
Electron density Temperature
1] ' T-tuhe Laser inierferometry at| Boltzmann plot of Arn line in- Nn‘ corrections for Dappler and

6328 A Lensities instrumental  broadening- re-
\ . ' ported.
Numerical results for Si 111
| Trans}itioti array Multiplet Wavélength ‘Temp‘érature Electron density we(R) | wplw .dm(}x)'“ du/dm |- Acc.| Ref
{No.) A JK) (em~2) : ‘

1; 35s45=35(2S)4p | ~935-3p° 4552.6 | 870016400 | 1.0X107. {0.48-0.38 | ©0.05-0.05 c
o (2) 4567.8 8700 1.0 x 10" 0.56 0.04 C |1
’ 10 600—-16 400 1.0 X107 0.04-0.07 C’ [l]

2. 3s4d-3s(28)5f 3D-3F° ... 3486.9 8700-16400 |  1.0x10% 0.04-0.06 c |
(8.06) ' |- ' ‘

6.16. Strontiom

Sri

Ground State.
Tonization Potential

Only three experimental papers are available on the
Stark broadening of Sri lines [1-3]. One of those
“papers [3] was excluded from further consideration

since the. work was repeated and corrected by some of

these authors [2]. The large discrepancy between the
two sets of results {2] and [3] is most probably due to

incorrect treatment of the optical depths in ref. [3].

However, the line shift data from the T-tube experi-

1522522p53s23p83 194524555 28y
11.030 €V = 88964.0 cm~!

ment [1, 3] agree well with those obtained from the
pulsed arc [2], since the shift measurements are es-
sentially not affected by self-absorption problems. -

References

{1} Puric. 1., and Konjevic, N., Z. Phys. 249, 440 (1972).

[2] Hadziomerspahic, D., Platisa, M., Konjevic, N., and Popovic,
M., Z. Phys. 262, 169 (1973).

[3] Purie, J., Platisa, M., and Konjevic, N., Z. Phys. 247, 216 {1971)

Key data on experiments

" Method of measurement ’
Ref. Plasma source | ‘Remarks
Electron density Temperature
'[1]., T-tube Laser interferometry Boltzmann plot of Ar 11 line - l
at6328 A . intensities
2 ] Z—pinch | Laser interferometry at "~ | Boltzmann plot of Arni (Shift méasuremems only)
o a1 6328 A line intensities ] ‘
Numerical results for Sr 11
‘ ;fransiﬁon array. Muitiplet .| ‘Wavelength | Temperature | Electron density | wm(A) | wmiwy, | dm(A) | duofdy | Acc. { Ref.
(No.) A (X) {cm=?)
i . - P
1. 4p%5s—4p€(1S)5p 28-2p° 4077.7 14 200 1.0 %1017 —0.09 - m
) i ) (1) 31700 1.0%10%7 0.22 B [2]
4215.5 14 200 1.0X 10v —0.09 . c .|
31 700 1.0% 107 0.24 B [2]
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Numerical results for Sr 11 — Continued

Transition array Multiplet | Wavelength | Temperature Electron density | wp Q) | wnlwy | du(A) | dufde | Acc. | Ref.
(No.) A (X) {(cm-3)

2. 4pSSp-4ps(1S)5d 2pe-2p 3380.7 14 200 1.0x 1017 0.24 C+ | 1]

2) 31 700 1.0x 1077 0.27 c+ | [2]

3464.5 14 200 1.0X 1017 0.29 c+ | [1]

' 31 700 1.0x 107 0.27 C+ | {2}

3. 4p®5p-4p* (1S )6s 1Pe-1§ 4161.8 14 200 1.0Xx 1077 0.19 c+| 1]

3) 31 700 1.0% 1017 0.18 c+ | [2]

4305.5 - 14 200 1.0x 1017 0.19 C+| 13

6.17. Sulphur

su
Ground State 15225%2p63523p3 4S5,
ITonization Potential 23.33 eV=188200 cm™’
While two different plasma sources were used for of ref. [2] noticed an interference with the 4817.3 A line

investigations of S 11 line widths, both experiments were of C1: therefore, the estimated accuracy for this line
performed at the same temperature and similar electron has been lowered to the range of D.

densities [1, 2]. The agreement between these two sets
of experimental data is well within the limits of experi-
mental error. I; he only exception is the measured width
for the 4815.5 A S 11 line from ref. [2). This line is much 3} piggec 1. M., and Wiese, W. L., Phys. Rev. 159, 31 (1967).
wider than one would expect on the basis of comparisons  [2] Miller, M. H., University of Maryland Technical Note BN-550
with other, similar type transitions. However, the author (1968).

References

Key data on experiments

Method of measurement
Ref. Plasma source Remarks
: Electron density Temperature
[1] | Wall-stabilized arc Hp Stark width Absolute intensities of O 1 lines and
: plasma composition data
2] | Gas diiven shock wube Hg Srark width Absolute intensity of Ne 1 5552 A Tine Photographic technique; low
and Hg: line reversal technigue spectral resolution (1 A).
applied to H,
Numerical results for S i1
Transition array Multiplet Wavelength | Temperature | Electron density | wm(A) | wpfww | du(A) | duldm | Acc. | Ref.
(Ne.) A (K) (em™3)
1. 3s3p*-3s%3p24p 2p_28° 5027.2 11 100 7.0x 10 0.39 0.91 B m
a) 11 000 1.0% 107 0.51 0.83 c |12
2. 3p*3d-3p*(*P)dp | <F-*D° 5606.1 11 100 7.0x10' 0.37 B | [1]
(11) 11 000 1.0 x 10% 0.55 | c {[2]
5660.0 11 000 1.0 X 10" 0.67 C {2}
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Numerical i'eéults‘fdf S 11— Continued

Transition érray - | -Multiplet | Wavelength Temperature | lectron d,ensily.‘ walA) | wnlwy | dal(d) ( dpldy Ac,c‘. Bef._’
(No.) (K) {cm=3) |

3. 3p™s-3p°(P)ap | 4P-D° 5453.8 11100 7.0X 10%. 0.39 | 091 B

R o (©)- . 11.000 - LOX 10% 047 | 077 ¢ | [2]
.5432.8 11 100 7.0 X 10%¢ 0.42 0.98 B [1}
: 11000 ~ 1.0x 107 0.55 0.90° C |21,
5428.6 11100 7.0 X 10 0.39 0.91 "B} gl]
: ' 11 000 1.0 X107 0.45 0.74- C {.-12] i

15509.7 11100 - 7.0x 10 0.42 0.98. B [l]
11 000 1.0x 107 049 | 0.80 c e

5473.6 11100 7.0 10% 0.45 1.05 B.| [1]

11 000 1ox10v | 055 | 090 ¢ |21

5564.9 11 000 1.0Xx 1017 0.60 0.98 C ] 2y

4pape 5103.3° 11000 1.0x 1017 0.75 | 156 c+ 21

’ (7) 5009.5 11000 1.0 X 10v7 0.60 1.25 C -2}

S 5032.4 11100 7.0 X.10% 053 | 158 B[]
11000 1.0 X107 0.68 1.42 C+{ 2l

4p—ig° 4815.5 11100 7.0 10 0.7 ce | m

{9). 11000 1.0 %1017 1.44 D - [2]

. 4716.2 11100 7.0 xX'101€ 0.7 C+ [1]

2p-2pe 5014.0 11000 1.0 1087 0.80 LCH 20

4. 3pMs'-3p*(%P)dd | *D-F° | . 5320.7 11100 7.0% 101 0.53 ‘B |
(38) 5345.7 11100 7.0 X 103 0.46 B | [1]

11000 1.0X10%7 0.62 C+ {21

2D-2D° 5212.6 ' 11000 1.0 % 1017 0.62 c+1 {21

(39) -
6.18. Zinc

Ground State

Tonization Potential

Znn

For the experimental data obtained with a pulsed
.discharge [1] no theoretical comparison values are
available. Considering the high density conditions and
‘rather large dimension of this discharge, self-absorption

Key data on experiments

1522522p63523p63d10452S ),
17.964 eV = 144892.6 cm 1

could be significant, but no check of it is reported.

~ References

11 Kusch, H. J., and Oberschelp, E., Z. Astrophys. 67, 77 (1967)

Réf. -Plasma source

Method of measurement

Electron density-

i N

Temperature

Remarks

_ ,[i] Pulsed discharge

Hg Stark width

Plasma composition data

No self-absorption - check - re:

ported;
nigue.

photographie

tech-
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Numerical results for Zn 11

Transition array Muitiplet Wa;relength Temperature | Electron density wm(A) | wafww | dn(A) d,,,/dmj Acc.| Ref.
(No.) (K) (em-%) '

1. 4s4p—4s(*S)Ss 2pe-2 2558.0 11 000 1.0 X 10'7 0.88 D 1]

3 Uv) 2502.0 11 000 1.0 X 107 0.64 D {1}

2. 4s4d-4s(>SHf 2D-2f° 4924.0 11 000 1.0 X 107 2.55 D 1]

(3) 4911.7 11 000 1.0 % 10+ 245 D | ]
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